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Signaling pathways that activate different mitogen-activated protein kinases (MAPKs) elicit many of the responses that are evoked in cells by
changes in certain environmental conditions and upon exposure to a variety of hormonal and other stimuli. These pathways were first elucidated in
the unicellular eukaryote Saccharomyces cerevisiae (budding yeast). Studies of MAPK pathways in this organism continue to be especially
informative in revealing the molecular mechanisms by which MAPK cascades operate, propagate signals, modulate cellular processes, and are
controlled by regulatory factors both internal to and external to the pathways. Here we highlight recent advances and new insights about MAPK-
based signaling that have been made through studies in yeast, which provide lessons directly applicable to, and that enhance our understanding of,
MAPK-mediated signaling in mammalian cells.
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A fundamental property of living cells is the ability to sense
and respond appropriately to changing environmental condi-
tions and various other stimuli. One frequently utilized
molecular device for eliciting these responses is the three-tiered
cascade of protein kinases known as the mitogen-activated
protein kinase (MAPK) module [1]. Our current understanding
of MAPK pathways is based in large part on research that was
conducted first in the eukaryotic microbe, Saccharomyces
cerevisiae (also known as baker's yeast or budding yeast).
Many of the components of these pathways and the mechanisms
by which they operate were first identified and characterized in⁎ Corresponding author. Department of Molecular and Cell Biology,
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doi:10.1016/j.bbamcr.2007.05.003this organism and are now known to have been conserved
during the evolution of the entire eukaryotic kingdom. This
yeast has served its pathfinding role because it is highly
amenable to genetic, biochemical, and cell biological studies,
and was the first eukaryote to have its entire genome sequenced.
In this article, we begin with an overview of the MAPK
pathways in S. cerevisiae and the mechanisms of their activation
in response to signals or stresses. We then discuss the
mechanisms by which these pathways regulate downstream
molecular and cellular processes. We also consider the
mechanisms by which these pathways are themselves regulated
by components both internal and external to the core signal
transduction machinery of each pathway. Throughout, our
emphasis is on new insights that have been gleaned from studies
during the last few years and, importantly, on how the molecular
mechanisms and general principles unveiled by these recent
studies continue to illuminate previously unappreciated features
of MAPK signaling that are more difficult to discern in more
complex organisms.
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2.1. MAPK cascades
The canonical MAPK pathway contains a key, three-
component signal relay in which an activated MAPK kinase
kinase (MAPKKK or MEKK) activates a MAPK kinase
(MAPKK or MEK), which then activates a MAPK (or ERK,
for extracellular signal-regulated kinase) (Fig. 1). MAPKKKs
contain an N-terminal regulatory domain and a C-terminal
serine/threonine protein kinase domain. Upon activation, a
MAPKKK phosphorylates two serine or threonine residues at
conserved positions in the activation loop of its target MAPKK,
which is a dual-specificity (serine/threonine and tyrosine)
protein kinase. The activated MAPKK then proceeds to
phosphorylate both the threonine and tyrosine residues of a
conserved –Thr–X–Tyr– motif in the activation loop of its
target MAPK. These phosphorylations activate the MAPK by
causing substantial conformational changes, and point muta-
tions in which these phosphoacceptor residues are changed to
acidic residues (Glu or Asp) do not suffice to activate MAPKs.
In contrast, such phosphomimetic mutations are frequently able
to confer constitutive activity to other sub-classes of protein
kinases, including MAPKKs. MAPKs are serine/threonine
protein kinases in the same CMGC group as cyclin-dependent
kinases (CDKs) and phosphorylate their substrates at –Ser/Thr–
Pro– motifs.
To initiate a MAPK cascade, the MAPKKK must be
activated. Upstream events that can lead toMAPKKK activation
include processes such as occupancy of receptors coupled toFig. 1. Schematic diagrams of the MAPK signaling pathways in S. cerevisiae. Symbo
and activating proteins, rectangles; cell surface proteins, trapezoids; activation, arro
molecular mechanism), squiggly lines. For clarity, not all factors and interactions are s
omitted, and direct targets of the MAPKs are not included (see the text for these deheterotrimeric G proteins by their cognate agonists and the
binding of the appropriate ligands to other classes of receptors
that stimulate production of activated monomeric G-proteins, or
both. In contrast to MAPKKKs and MAPKKs, for which a
paucity of physiologically relevant substrates have been
described (other than their MAPKK and MAPK targets,
respectively), MAPKs phosphorylate a diverse set of well-
characterized substrates, including transcription factors, transla-
tional regulators, MAPK-activated protein kinases (MAPKAP
kinases), phosphatases, and other classes of proteins, thereby
regulating metabolism, cellular morphology, cell cycle progres-
sion, and gene expression in response to a variety of extracellular
stresses and molecular signals.
2.2. The Cdc42-PAK module: G-proteins, protein kinases, and
adaptors
Three of the MAPK pathways present in yeast are activated
by a common agent, namely, a member of the p21-activated
protein kinase (PAK) family of protein kinases, Ste20 (Fig. 1).
In this case, the p21 is the small, monomeric Ras-related
GTPase, Cdc42. Ste20 is activated by Cdc42 as follows: the C-
terminal kinase domain of Ste20 is held in an inactive state by
association with an autoinhibitory sequence present in its N-
terminal domain that overlaps with a Cdc42/Rac interactive
binding (CRIB) motif; binding of active (GTP-bound) Cdc42 to
the CRIB motif relieves this autoinhibition [2]. In all three
pathways, activated Ste20 is responsible for phosphorylating
and activating Ste11, and thus serves as a MAPKKK kinase
(MAPKKKK) [3,4]. Hence, in each pathway, upstream eventsls are: protein kinases, ovals; GTP-binding proteins, diamonds; scaffold, adaptor,
ws; inhibition, T-bars; direct action, smooth lines; indirect action (or unknown
hown, connections to other pathways and processes upstream of the MAPKs are
tails).
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proximity to GTP-bound Cdc42. Much of the Cdc42 in the cell
is permanently located at the plasma membrane due to
geranylgeranylation of its C-terminal –CAAX box. Ste20 is
brought to the same general vicinity, in part, via its binding to
Bem1, an adaptor protein that interacts with proline-rich motifs
in Ste20 through its tandem N-terminal Src-homology-3 (SH3)
domains and is also membrane-tethered via an internal
phosphoinositide-binding Phox-homology (PX) domain [5].
Importantly, however, in each pathway, membrane recruitment
of Ste20 and its juxtaposition to its substrate, Ste11, is also
facilitated by upstream pathway-specific components (see
Section 3). For example, the C-terminal tail of Ste20 has a
high-affinity binding site for the Gβγ complex (Ste4–Ste18)
released in the response pathway that is triggered by the binding
of G-protein-coupled receptors (GPCRs) to peptide mating
pheromones [6]. Gβγ is firmly anchored to the plasma
membrane via both S-palmitoylation and S-farnesylation of
the C-terminal –CCAAX box of Gγ (Ste18). Thus, Ste20–Gβγ
interaction ensures that this MAPKKKK will be recruited most
efficiently to the region of the plasma membrane containing the
highest number of ligand-occupied pheromone receptors.
Likewise, Ste11 is recruited to the same general vicinity as
activated Ste20 because it interacts with a small adaptor protein,
Ste50. Ste11 associates with Ste50 via heterotypic interaction of
an N-terminal sterile-alpha-motif (SAM) domain with a SAM
domain at the N-terminus of Ste50 [7]. Ste50, in turn, is able to
associate via its C-terminal Ras-association (RA) domain with
Cdc42 [8,9], thereby tethering Ste11 at the plasma membrane.
However, membrane recruitment of Ste11 and its propinquity to
Ste20 are imposed by additional pathway-specific factors. For
example, in the pheromone response pathway, a scaffold
protein, Ste5, binds both Ste11 [10–12] and the membrane-
tethered Gβγ complex [13], thereby delivering Ste11 to the
membrane site with the greatest number of occupied pheromone
receptors. As another example, in the High-Osmolarity-
Glycerol (HOG) pathway required for survival in response to
hyperosmotic stress (Fig. 1), both Ste11 and Ste50 are able to
bind the cytosolic tail of a polytopic transmembrane protein,
Sho1, that is one component of the primary osmosensor [9,14].
3. MAPK signal transduction pathways
The genome of S. cerevisiae encodes multiple MAPKs [15]
that possess the diagnostic –T–x–Y– in the activation loop
and other hallmark features of this class of enzyme (Fig. 1).
One (Fus3; –TEY–) mediates cellular response to peptide
pheromones. Another (Kss1; –TEY–) permits adjustment to
nutrient limiting conditions. A third (Hog1; –TGY–) is
necessary for survival under hyperosmotic conditions. A fourth
(Slt2/Mpk1; –TEY–) is required for repair of injuries to the cell
wall. Another, still poorly characterized, but clearly MAPK-like
and Slt2/Mpk1-related, kinase (Ykl161c; –KGY–) is also
thought to contribute to the processes that maintain cell wall
integrity. A fifth (Smk1; –TNY–), along with another, more
divergent MAPK-related kinase (Ime2; –TAY–), regulates
spore wall assembly during meiosis and sporulation, a deve-lopmental response of MATa/MATα diploid cells to acute
nutrient deprivation. Below, our current picture of each of these
MAPK pathways is described. In those cases where a MAPK
pathway acts in conjunction with other independent signaling
pathways to yield a composite response to a given stimulus, our
treatment focuses on the MAPK branch and its contribution to
the output. Detailed discussion of the downstream effectors of
the activated MAPKs are deferred to Section 4, where we
consider mainly those substrates whose functions are, relatively
speaking, the best understood at the mechanistic level.
3.1. Pheromone response pathway
S. cerevisiae exists in two haploid cell types,MATa (a cell, for
short) and MATα (α cell, for short). Like the gametes of
multicellular organisms, an a cell and an α cell can mate by
undergoing cellular and nuclear fusion to generate a third cell
type, theMATa/MATα diploid (a/α cell, for short). Mating is the
end result of a complex series of changes in cellular physiology
that are all initiated in response to peptide pheromones secreted
by the haploid cells. The a cells release a-factor, a C-terminally
farnesylated 12-residue peptide that acts on the α cells; the α
cells release α-factor, an unmodified 13-residue peptide that acts
on the a cells. The α-factor acts on a cells by binding to the
GPCR Ste2; and, a-factor acts onα cells by binding to the GPCR
Ste3. Both pheromone receptors are coupled to a common
heterotrimeric G protein, Gpa1–Ste4–Ste18, where Gpa1 is Gα
and Ste4–Ste18 is the Gβγ complex, as mentioned earlier. As
recounted below, events initiated by engagement of theseGPCRs
by their cognate pheromones leads to activation of Cdc42 and,
eventually, to activation of the MAPK, Fus3. The action of Fus3
is responsible for eliciting the expression of numerous mating-
specific genes, imposing cell cycle arrest, promoting polarized
cell growth to form copulatory projections toward the mating
partner (cells that have undergone this morphological tran-
sition are called “shmoos”), establishing the changes in the
plasma membrane and cell wall necessary for cell–cell fusion
(plasmogamy), and orienting the nucleus and modifying its
envelope to permit fusion of the two haploid nuclei (karyogamy).
Both the heterotrimeric G protein and Cdc42 also act through
additional effectors to stimulate other branches of the response
machinery that are necessary to produce mating-competent cells
and achieve optimally efficient mating [16–21]. Thus, yeast
pheromone response is clearly a network of interlocking events,
rather than a simple linear pathway, and is arguably one of the
best understood MAPK-based signal-response systems in
biology. For other recent reviews, see [22–26].
The pheromones and pheromone receptors are the only cell-
type specific components in the mating pathway. In the
canonical manner, binding of a pheromone to its cognate
GPCR allows the receptor to serve as a guanine nucleotide
exchange factor (GEF) on its coupled heterotrimeric G-protein,
facilitating the release of GDP and the subsequent binding of
GTP by Gpa1 (Gα subunit). GTP binding to Gα alters its
interaction with Gβ (Ste4), dissociating Gpa1 from the Gβγ
complex [27]. Like the Gβγ, Gpa1 remains tethered to the
plasma membrane by lipophilic modifications, in this case, N-
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surfaces of the released Gβγ can now interact with three
known effectors: Ste20 and Ste5, as mentioned earlier, and a
protein weakly related to Ste5, Far1. Like Ste5 [28,29], Far1
associates with Gβγ via its N-terminal RING-H2 domain [19].
However, unlike Ste5, the C-terminus of Far1 binds to, and
most likely activates, Cdc24, which is the only known GEF for
Cdc42 [19,20,30]. Cdc24, in turn, has an inherent propensity,
first, to associate with the plasma membrane because it contains
an internal phosphoinositide-binding pleckstrin-homology (PH)
domain and, second, to localize near Ste20 because its C-
terminus contains a Phox-and-Bem1-binding (PB1) domain
[31]. As mentioned earlier, Ste20 is the Bem1-binding PAK that
is activated by Cdc42–GTP and serves as the MAPKKKK to
phosphorylate and thereby trigger activation of the MAPKKK,
Ste11, initiating activation of the remainder of the MAPK
cascade, namely Ste7 (MAPKK) and Fus3 (MAPK) (Fig. 1).
Ste5 is a scaffold protein that binds all three component kinases
of the cascade (Ste11, Ste7, and Fus3) [10–12]. In addition to
the affinity of its N-terminal RING-H2 domain for Gβγ,
membrane recruitment of Ste5 also requires a short N-terminal
amphipathic α-helix (PM motif) [32] and, like Far1 and Cdc24,
an internal PH domain [33]. In any event, because both Cdc42
and Gβγ are firmly plasma membrane-anchored [34–36], the
ability of free Gβγ to bind its three effectors – Far1, Ste20, and
Ste5 – promotes encounter of Cdc42 with its activator (Cdc24)
and places its target kinase (Ste20) and the downstream cascade
that needs to be activated (Ste11, Ste7 and Fus3) in close
juxtaposition and at high local concentration.
In addition to Fus3, pheromone stimulation also leads to
transient activation of another MAPK, Kss1 [37,38]. Activation
of Kss1 also occurs via Ste11 and Ste7, but is not dependent on
the scaffold protein, Ste5 [39–41] (see also Section 5.4.1).
Based on their primary structures, Fus3 and Kss1 are the most
closely related pair of bona fide MAPKs in the yeast genome
and appear to be the orthologs of mammalian Erk1 and Erk2,
respectively. Cells lacking both Fus3 and Kss1 are sterile,
whereas the presence of either one alone permits mating,
indicating that these MAPKs have a redundant function.
However, this overlap in function is only partial because
quantitative analysis shows that loss of Kss1 does not
measurably reduce mating proficiency, whereas loss of Fus3
reduces mating efficiency to ∼10% of the wild-type level
[37,42]. Analysis of other indicators (cell cycle arrest,
morphological changes, gene induction patterns) of signal
throughput in cells lacking either Fus3 or Kss1 [42–44]
indicates that Fus3 is responsible for the majority, but not the
entirety, of the MAPK-dependent pheromone response. In
contrast, Kss1, but not Fus3, is essential for the invasive growth
response in haploids and the pseudohyphal growth response in
diploids, which we will refer to here, for consistency and
simplicity, as the filamentous growth response [45] (see Section
3.2). This situation raises important questions about the exact
nature of the relative contributions of Fus3 and Kss1 during
normal pheromone response and about how cells selectively
signal through Kss1 during the filamentous growth response,
issues that we return to and discuss further in Section 5.4.In this context, however, it should be appreciated that Fus3 is
much more efficient than Kss1 at mediating pheromone-
induced cell cycle arrest [42], most likely because Fus3
phosphorylates Far1 more efficiently [46,47] due to a high-
affinity docking site in Far1 that binds Fus3, but not Kss1 [48].
Phosphorylated Far1 functions as an inhibitor of G1 cyclin-
bound CDK (Cln-Cdc28) in a manner distinct from its role in
MAPK activation (see Section 4.3). Fus3 also serves as a
negative regulator of filamentous growth because, unlike Kss1,
it phosphorylates and leads to the degradation of the Tec1
transcription factor necessary for induction of the genes
involved in this developmental outcome (see Section 5.4.2
and Fig. 4).
These examples suggest that the qualitatively different
contributions of Fus3 and Kss1 to the events required for
mating may be due to differences in substrate preference or
differences in the temporal and spatial dynamics of the two
MAPKs themselves, another issue to which we will return. Of
potential interest in the latter regard is some evidence suggesting
that signal transduction in response to pheromone is noisier
(shows greater variance in output across individual cells of a
population) when mediated by Kss1 than when mediated by
Fus3 [49]. If this property reflects an intrinsic difference between
how Kss1 and Fus3 propagate a signal, it suggests that a
population of cells may be able to explore a wider range of
functional states during nutrient limitation, which may be of
physiological importance for the ability of the population to
survive, than during exposure to a pheromone stimulus.
Additionally, because FUS3 is a pheromone-inducible gene
(but KSS1 is not) the ratio of active Fus3-to-Kss1 increases with
increasing pheromone concentration and time after exposure to
pheromone [43,49], raising the possibility that early on, or when
exposed to a low or spurious level of pheromone, cells may be
able to initiate some responses before they commit to the growth
arrest and other processes required for mating [50].
3.2. Filamentous growth pathway
In environments containing ample nutrients, S. cerevisiae
cells are ovoid and proliferate by budding. Under these
conditions, a haploid mother cell always buds off new daughter
cells from the same cell pole as, and adjacent to, its own birth
end (a pattern referred to as axial budding); a diploid mother cell
buds off new daughters from either its birth end or the opposite
cell pole, alternating about 50% of the time (a pattern referred to
as bipolar budding). In environments where nutrients have
become limiting, the cells undergo morphological changes and
become more elongated and proliferate in a unipolar pattern, in
which new daughter cells arise only at the cell pole opposite the
birth end of their mother. Additionally, cells growing in such
conditions exhibit increased cell–cell adhesion, increased cell–
substratum adhesion, and an increased ability to penetrate their
substratum. It is thought that the combination of cell elongation,
cell–cell and cell–surface adhesion, substratum invasion, and
highly directional growth, i.e. division away from (as opposed
to next to) existing cells, serves to permit a colony of yeast cells,
wherein each individual cell is non-motile, to spread out as a
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By contrast, if nutrient supply is not limiting, the combination
of a more round cell shape, decreased adhesiveness, and
division near existing cells, presumably facilitates more rapid
occupancy of the niche by the population.
As mentioned earlier, these sets of nutrient limitation-
induced behaviors are termed pseudohyphal growth in diploids
and invasive growth in haploids. Although there are important
biological and mechanistic differences between the two – for
example, the former is elicited when nitrogen becomes limiting,
whereas the latter is evoked when glucose (the preferred carbon
source for S. cerevisiae) becomes limiting – many of the
primary molecular components and regulatory pathways
involved in these filamentous growth responses are the same
[45]. Optimum filamentous growth requires the action of at least
three distinct classes of protein kinases: a 5′-AMP-dependent
protein kinase (AMPK), Snf1; a specific isoform of 3′, 5′-cyclic
AMP-dependent protein kinase (PKA), Tpk2; and, as already
introduced, the MAPK Kss1. Similar to Fus3, the other two
PKA isoforms encoded in the S. cerevisiae genome, Tpk1 and
Tpk3, are negative regulators of filamentous growth. Recent
reviews of filamentous growth and its regulation can be found in
[38,45,51–56].
Activation of Kss1 requires Ste20 (PAK), Ste11 (MAPKKK),
and Ste7 (MAPKK) [9,37] (Fig. 1). Because Ste20 activation
requires GTP-bound Cdc42, there must be some mechanism
to bring its GEF, Cdc24, to the plasma membrane (and,
perhaps, activate it) during filamentous growth. In phero-
mone response, this membrane delivery, localization and
activation of Cdc24 is accomplished, in large part, by its
association with Far1, the scaffold protein that is recruited to
the plasma membrane via its binding to free Gβγ. Activation
of Cdc42 during filamentous growth is known to be depen-
dent on active Ras2 [57], yeast homolog of mammalian H-Ras.
However, how Ras2 action promotes membrane recruitment
and activation of Cdc24 to stimulate GTP loading on Cdc42 is
not clear. Furthermore, production of activated Ras2 presum-
ably demands that something about the conditions that
promote filamentous growth also stimulates membrane recruit-
ment and activity of the GEF for Ras2, Cdc25. The precise
mechanisms by which Cdc25 and Ras2 become activated in
this pathway are also unclear. However, several distinct
transmembrane proteins that reside in the plasma membrane
and are exposed to the cell surface are necessary (in some
cases, in haploids, and in other cases, in diploids) for initia-
tion of filamentous growth. These transmembrane proteins
include: Sho1 [58] (four transmembrane segments); Msb2 [58]
(one transmembrane segment); Mep2 [59,60] (ten transmem-
brane segments); and, Gpr1 [61,62] (seven transmembrane
segments).
Sho1 can form hetero-oligomeric complexes with Msb2, and
the absence of either protein blocks Kss1 activation and
prevents filamentous growth in haploids [58]. Interestingly,
Sho1 can also form hetero-oligomeric complexes with another
single-pass transmembrane protein, Opy2, and absence of either
protein blocks activation of the Hog1 MAPK and the HOG
response [63,64], which is necessary for continued growthunder hyperosmotic conditions (see Section 3.3). However, loss
of Msb2 does not prevent HOG response [65], and loss of Opy2
does not block filamentous growth (E.S. Klimenko and J.
Thorner, unpublished results). Thus, Sho1 serves as a common
subunit of two different membrane sensors that allow cells to
respond to two different stimuli. The role of Sho1 is reminiscent
of what is seen for several classes of cell surface receptors in
animal cells, such as the common gamma chain (γc) shared by
different multi-chain cytokine receptors [66].
Msb2 possesses a large highly O-glycosylated exocellular
domain that is related to the so-called mucin family of
mammalian transmembrane proteins. Strikingly, deletions
within the extracellular mucin-homology domain of Msb2
cause significant constitutive activation of the filamentous
growth response in haploids [58]. This observation leads to the
simple model that glucose limitation leads to under-glycosyla-
tion of Msb2, alleviating some negative structural constraint and
promoting the events necessary to trigger downstream signal
propagation. In this regard, it has also been reported that the
short C-terminal cytosolic tail of Msb2 can bind to Cdc42
directly [58], but the data in support of this particular claim are
unconvincing.
Mep2 is a high-affinity ammonia permease [67] that also acts
as a nitrogen sensor and is required for diploid pseudohyphal
growth. Loss of the related, but lower affinity, ammonia
permeases, Mep1 and Mep3, has no effect on diploid fila-
mentation. Activated Ras2 bypasses the need for Mep2 in
diploid pseudohyphal growth [59,60], suggesting that this is the
level at which the function of Mep2 is connected to stimulation
of the MAPK cascade that activates Kss1 (and PKA; see next
paragraph).
Gpr1 is a glucose (and sucrose)-binding GPCR [68] that
associates with a distinct Gα subunit, Gpa2 [69], and is thought
to serve as a carbon sensor [62]. Intriguingly, expression of the
GPR1 gene is also induced under conditions of nitrogen
limitation; thus, under limiting nitrogen, the cell presumably
becomes more acutely “aware” of the status of its carbon supply.
In any event, it was initially thought that Gpa2 associates with
Gpr1 in a heterotrimer with either Gpb1/Krh1 or Gpb2/Krh2,
two alternative, non-canonical Kelch-repeat-containing Gβ
mimics (as opposed to a classical Gβ comprising a seven-
bladed WD-40 repeat propeller) and a non-canonical non-
prenylated Gγ-like protein, Gpg1 [70,71]. There is consensus
from several labs that Gpr1 and Gpa2 act upstream of and are
necessary for optimal PKA function; however, there is some
dispute with regard to the level at which Gpa2 acts. Some
evidence suggested that Gpa2 somehow promotes Ras2
activation and Ras2-GTP, a known activator of adenylate
cyclase in yeast [72], stimulates cAMP production, which
activates PKA by dissociating the inhibitory cAMP-binding
regulatory (R) subunit (Bcy1 in S. cerevisiae) from the catalytic
(C) subunits (Tpk1, Tpk2 and Tpk3 in S. cerevisiae). Other
evidence suggested, however, that Gpa2 stimulated PKA
independently of any effect on Ras2 or adenylate cyclase per
se [69]. Recent work has done little to resolve this controversy.
At least one group reports that Gpb1 and Gpb2 bind to and
stabilize the Ras GTPase-activating proteins (GAPs), Ira1 and
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Gpb2 will cause a reduction in Ira1 and Ira2 that will, in turn,
elevate the level of Ras2-GTP, which can then stimulate
adenylate cyclase and cAMP production, leading to higher PKA
activity [73]. However, at least two other groups [74,75] present
convincing evidence that Gpb1 and Gpb2 are novel subunits of
the inactive R subunit-bound state of PKA. Moreover, they
show that GTP-Gpa2 has a high affinity for these negative
regulators and removes them, leading to a significant increase in
basal PKA activity and to a significant reduction in the level of
cAMP necessary to fully activate PKA. The mechanisms by
which the signals transduced by all of the transmembrane
proteins discussed above are coordinated to achieve an optimal
filamentous growth response are not known.
In this same regard, it has also been observed that filamentous
growth can be stimulated by fusel alcohols [76,77] and aromatic
alcohols [78]. These small molecules are, of course, potential
membrane perturbants and may thus act via effects on one or
more of the membrane proteins discussed immediately above.
Nevertheless, the fact that these small molecules are secondary
metabolites generated by the yeast itself and released into the
surrounding milieu has led to the proposal that these compounds
could provide a quorum-sensing mechanism for regulating the
onset of filamentous growth [78].
Finally, Snf1 (AMPK) has a critical role in shifting the
transcriptional program of yeast cells to deal with alternative
carbon sources when glucose becomes limiting [79]. Not sur-
prisingly, therefore, Snf1 also has a role in promoting both
invasive growth in haploids and pseudohyphal growth in
diploids in response to glucose depletion [80]. However, this
role is not simply an indirect one of establishing the appropriate
metabolic conditions to permit continued growth when glucose
carbon is scarce. Indeed, genetic evidence indicates that Snf1, in
association with a specific one of its three different β-subunit
isoforms (Gal83), phosphorylates and antagonizes two repres-
sors, Nrg1 and Nrg2, thereby increasing expression of the
MUC1/FLO11 gene [81], which encodes a GPI-anchored cell
surface glycoprotein that is important for the cell–cell and cell–
substratum adhesion required for filamentous growth [82].
Recent evidence indicates that control of Snf1 function by yeast
TOR may contribute to how nitrogen supply regulates pseudo-
hyphal growth in diploids [83].
3.3. High osmolarity/glycerol pathway
An increase in the dissolved solute concentration of the
extracellular medium to a level higher than the internal
osmolarity of the cell causes a drop in turgor pressure that may
be sufficiently deleterious to threaten cell viability in the absence
of a mechanism to restore osmotic balance. To increase the
internal osmolyte concentration in a relatively innocuous way as
ameans to combat external hypertonic stress, yeast cells increase
their synthesis of glycerol, a highly water soluble and inert
solute. This mechanism is referred to as the High-Osmolarity-
Glycerol (HOG) response. Survival under hyperosmotic condi-
tions via the HOG pathway requires activation of the eponymous
Hog1, whose functional ortholog in mammalian cells is the p38family of stress-activated MAPKs (SAPKs) [84]. For other
recent reviews of HOG pathway signaling, see [85–89].
Two distinct upstream inputs can lead to activation of Hog1
(Fig. 1). The first route involves a histidine–aspartate phospho-
relay module similar to those utilized in bacterial two-
component signaling systems. An apparent osmosensor, Sln1,
which contains two transmembrane segments and resides in the
plasma membrane, also contains a histidine kinase domain
within its cytoplasmic C-terminal segment. Under iso-osmotic
conditions, Sln1 is active and catalyzes autophosphorylation
and subsequent phospho-transfer to an intermediate protein,
Ypd1, which transfers the phosphate group to an aspartate
residue on a response regulator, Ssk1 [90], preventing inter-
action of Ssk1 with two semi-redundant MAPKKKs, Ssk2 and
Ssk22. Mild hyperosmotic stress inhibits Sln1, resulting in an
increase in the amount of unphosphorylated Ssk1. Unpho-
sphorylated Ssk1 is able to bind to and activate Ssk2 and Ssk22
[91]. These MAPKKKs phosphorylate a dedicated MAPKK,
Pbs2, which in turn, is responsible for dual phosphorylation and
activation of the MAPK, Hog1 [63,92].
The second route by which Hog1 can be activated does so
via the alternative MAPKKK, Ste11, which we also encoun-
tered in both the pheromone response pathway and the
filamentous growth pathway (Fig. 1). The “tricks” necessary
here are to steer active Ste11 toward Pbs2 and prevent it from
encountering Ste7. These maneuvers seem to be accomplished
by fixing a fraction of the Ste11 in firm association with the
plasma membrane via contacts with multiple components of the
upstream machinery necessary to trigger a response to severe
hyperosmotic stress. First, it has been reported that Ste11 binds
directly to the C-terminal cytosolic tail of Sho1 [14]. Second,
Ste11 binds tightly to the downstream MAPKK, Pbs2 [93], and
Pbs2 itself is bound to Sho1, an interaction mediated by the
binding of a proline-rich motif in the N-terminal regulatory
domain of Pbs2 to an SH3 at the end of the cytosolic tail of Sho1
[63]. Third, Ste50 is, in essence, a tightly bound non-catalytic
subunit of Ste11 [7,94], and Ste50 can associate via its RA
domain with both a membrane-anchored protein, Cdc42 [8],
and an integral membrane protein, Opy2 [64].
The MAPKK Pbs2 represents a true node shared between the
Sln1-dependent and the Sho1-dependent branches of the HOG
pathway inputs. The N-terminus of Pbs2 contains a high-
affinity docking site for the MAPKKKs, Ssk2 and Ssk22, of the
Sln1 branch [95] and, as already mentioned above, Pbs2 also
associates with Ste11 [93] and with the osmosensor, Sho1 [63].
Moreover, Pbs2 also binds its target MAPK, Hog1, via specific
docking motifs distant from the active sites of these two kinases
[93,96,97]. Thus, it has been suggested [14,93] that Pbs2 serves
the dual function of being the dedicated MAPKK of the HOG
pathway and also the platform or scaffold for proper assembly
of the signaling complexes necessary to propagate the signals
that initiate the HOG pathway in the first place. As expected,
stimulation of Ste11 in the Sho1-dependent branch requires the
function of Cdc42 and Ste20 [9,98,99].
Activation of Hog1 causes its rapid translocation from the
cytoplasm to the nucleus [100]. Nuclear Hog1 binds and phos-
phorylates several transcription factors, interacts with chromatin
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the expression of hundreds of genes in response to hyper-
osmotic shock [89] (see Section 4.4). Interestingly, however,
preventing nuclear localization of Hog1, either by tethering it to
the plasma membrane or by deleting the gene for its nuclear
import factor, Nmd5, or both, does not render cells osmosensi-
tive [101]. One explanation for this finding might be that factors
downstream of Hog1 are the critical agents that must undergo
nucleocytoplasmic shuttling, for example, the MAPKAP
kinase, Rck2, a known substrate of Hog1 [102,103], or the
transcription factors that are modified by Hog1, such as Smp1
[104]. However, in these cells, the expression profile for the
genes normally induced by hyperosmotic shock closely
resembles that of hog1Δ cells and not that of wild-type cells
[101], raising the intriguing possibility that regulation of
transcription may not be the essential function of Hog1 required
for osmoresistance. In marked contrast, tethering Fus3 to the
plasma membrane via the same means totally blocks the ability
of Fus3 to complement the mating defect of a fus3Δ kss1Δ
double mutant [101].
3.4. Cell wall integrity pathway
The MAPK Slt2/Mpk1 becomes activated under a number of
different conditions that stress the structure and function of the
yeast cell wall, including hypotonic medium, treatment of cells
with glucanases (e.g. Zymolyase), exposure to chitin-binding
agents (e.g. Calcofluor White and Congo Red), as well as
oxidative stress, depolarization of the actin cytoskeleton, and
pheromone-induced morphogenesis [105,106]. It is thought that
the common element sensed in all of these cases is stretching of
the plasma membrane and/or alterations of its connections to the
cell wall. The genes under control of this response pathway
include many involved in the synthesis and modification of the
major components of the yeast cell wall (glucan, mannan, and
chitin) [107,108], and lack of an Slt2/Mpk1-dependent response
causes cell lysis in the absence of an osmotic support in the
medium [109]. Hence, the Slt2/Mpk1-dependent response is
referred to as the cell wall integrity (CWI) pathway [106].
Five plasma membrane proteins (each containing a single
transmembrane segment), Wsc1, Wsc2, Wsc3, Mid2, and Mtl1,
have been identified as important for activation of the CWI
pathway, although the precise mechanisms by which they sense
their direct signals/stressors are unclear. The cytoplasmic C-
terminal domains of Wsc1 and Mid2 interact with Rom2 [110],
one of three GEFs encoded in the S. cerevisiae genome (Rom1,
Rom2 and Tus1) thought to be specific for the small Ras-
homologous GTPase, Rho1 [111]. Like Cdc42, Rho1 is tethered
to the plasma membrane by its C-terminal geranylgeranylated –
CAAX box and a preceding tract of basic residues that
presumably interacts with the phosphates in the head groups
of membrane phospholipids (–KKKKKCVLL in Rho1 and –
KKSKKCAIL in Cdc42) [112,113]. Cell cycle-specific control
of Tus1 via its phosphorylation by two protein kinases, Cdc28/
Cdk1 [114] and Cdc5 (ortholog of mammalian Polo kinase)
[115], and the resulting local activation of Rho1 is important for
the events necessary for actin contractile ring assembly forcytokinesis. Although both Tus1 and Rom2 (and Rom1)
possess the Dbl homology (DH)-PH domain organization
found in other GEFs for Rho family G-proteins and both
contain C-terminal citron homology (CNH) domains, the N-
termini of Rom2 (and Rom1) are quite divergent from that of
Tus1 and both contain a Disheveled-EGL10-pleckstrin (DEP)
domain that Tus1 lacks [116].
The PH domain of Rom2 binds phosphatidylinositol-4,5-
bisphosphate (PtdIns4,5P2) and is required for its stable plasma
membrane localization [117,118] and its DEP domain seems to
be required for its association with at least Wsc1 [119]. It is
unclear whether interaction of Rom2 with Wsc1 and the other
integral membrane proteins that serve as cell wall sensors is
solely to further facilitate its recruitment near membrane-
anchored Rho1 or has additional activating functions. It is
thought that Rom2 shares its essential functions and its role in
CWI signaling with the highly related Rho1GEF, Rom1 (rom1Δ
and rom2Δ single mutants are viable, whereas a rom1Δ rom2Δ
double mutant is inviable); however, loss of Tus1 exacerbates
the phenotype of a rom2Δ mutant and, conversely, the pheno-
types of a tus1 mutant can be suppressed by Rom2 over-
expression, suggesting that Tus1 may also contribute to CWI
signaling [120]. Interestingly, in this regard, TUS2 serves as a
multicopy suppressor of certain tor2ts alleles and of a double
mutant lacking two kinases (Ypk1 and Ypk2/Ykr2) in a pathway
that responds to sphingolipids and acts in parallel to CWI
signaling. The Ypk1- and Ypk2-dependent pathway is thought to
couple sphingolipid biosynthesis to the CWI pathway as ameans
to coordinate plasma membrane synthesis with cell wall
expansion [121]. However, overexpression of Tus1 undoubtedly
elevates Rho1 activation and, as discussed further below, one of
the effectors of Rho1-GTP is the protein kinase, Pkc1. Pkc1 is an
essential activator (MAPKKKK) of the MAPK cascade required
for CWI signaling— Bck1 (MAPKKK), Mkk1 and Mkk2 (two
semi-redundant MAPKKs), and Slt2/Mpk1 (MAPK) (Fig. 1);
the MAPKKs and MAPK in this pathway are bound by the
scaffold protein Spa2. Elevation of Pkc1-dependent signaling is
known to be sufficient to bypass the need for robust Ypk1- and
Ypk2-dependent signaling [121].
Nonetheless, there is involved here some complicated nexus
between phosphoinositide generation, sphingolipid biosynth-
esis, Ca2+ signaling, and function of the Tor2 kinase (which is
thought to phosphorylate a specific site, the so-called C-
terminal hydrophobic motif, in Pkc1, Ypk1 and Ypk2/Ykr2, and
perhaps other members of the class of AGC kinases and thereby
contribute to their activation [122]). The Tor2-containing
complex, TORC2 (which also contains Avo1, Avo2, Bit61,
Lst8 and Tsc11/RICTOR) [123], contains two additional,
PtdIns4,5P2-binding, PH domain-containing subunits, Slm1
and Slm2, that are essential for viability and necessary (via
interaction with Avo2 and Bit62) for anchoring TORC2 to the
plasma membrane [124,125]. TORC2 is involved in regulating
actin cytoskeleton polarization and other actin-based processes
(e.g. actin-driven endocytosis of nutrient transporters) and, as
mentioned above, perturbation of the actin cytoskeleton
stimulates CWI signaling [126–128]. The ability of Slm1 and
Slm2 to anchor TORC2 at the plasma membrane depends, not
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of the cell to generate the plasma membrane pool of PtdIns4,5P2
[124,125]. Slm1 and Slm2 are themselves substrates for Tor2-
dependent phosphorylation and a slm1 slm2 double mutant
exhibits depolarization of the actin cytoskeleton and eventual
cell lysis, as expected if TORC2 is unable to function to
maintain proper actin architecture and unable to contribute to
full activation of Pkc1 and/or Ypk1 and Ypk2/Ykr2 (even basal
activity of Pkc1, Ypk1 and Ypk2/Ykr2 requires phosphorylation
on their activation loops by the sphingolipid-dependent protein
kinases, Pkh1 and Pkh2 [129]). Conversely, overexpression of
Slm1 or Slm2 is able to rescue TORC2 mutants lacking the
Tsc11 subunit, indicating that tethering TORC2 to the plasma
membrane more efficiently promotes its function [127]. More-
over, Slm1 and Slm2 are hyperphosphorylated in response to
heat stress (another condition that stimulates CWI signaling),
which appears to activate their function, presumably the
recruitment of TORC2 [130,131]. Dephosphorylation (deacti-
vation, most likely) of phospho-Slm1 and phospho-Slm2 is
mediated by the Ca2+/calmodulin-dependent phosphoprotein
phosphatase, calcineurin (also known as PP2B) [130,131].
Direct downstream effectors of Rho1-GTP include a
transcription factor of the two-component signaling response
regulator-family (Skn7), two β-1,3-glucan synthases (Fks1 and
Gsc2), two formins involved in nucleating actin filament
formation (Bni1 and Bnr1), a subunit of the secretory vesicle-
associated exocyst complex (Sec3), and at least one protein
kinase (Pkc1) [106]. It has been proposed that yeast Pkc1
represents an ancestral progenitor of the PKC family now found
inmammals [132]. In fact, the C-terminal kinase domain of Pkc1
shares greatest sequence identity with the human Rho-activated
protein kinase, PKN2 (formerly PRK2, for PKC-related kinase-
2) [133], but its N-terminal regulatory domain does share
greatest similarity over its entire length to the so-called novel
PKC isoforms (nPKCs), PKCdelta, PKCepsilon and PKCtheta,
which are phospholipid (usually phosphatidylserine, PtdSer)-
dependent and diacylglycerol (DAG)-activated, but not Ca2+-
dependent [134]. Indeed, in vitro, both Rho1-GTP [135] and
DAG plus PtdSer [136] can substantially stimulate Pkc1 activity
[136]. Pkc1 initiates the CWI signaling cascade by phosphor-
ylating and activating the MAPKKK, Bck1 [137], which
phosphorylates and activates two semi-redundant MAPKKs,
Mkk1 and Mkk2 [138], that, in turn, dually-phosphorylate and
activate their target MAPK, Slt2/Mpk1 [106].
Slt2/Mpk1 is responsible for stimulating expression of the
genes for enzymes and other factors involved in cell wall
biosynthesis and remodeling both directly and indirectly
[107,139]. Slt2/Mpk1 stimulates expression of cell wall
biosynthesis genes directly via phosphorylation of the tran-
scription factors, Rlm1 [140,141] and Swi4 [142] (see Section
4.4). Additionally, Slt2/Mpk1 activation is necessary for
stimulation of calcium influx through a plasma membrane
Ca2+ channel (Cch1–Mid1), a response that, in turn, activates
calcineurin (a heterotrimeric enzyme comprising two Ca2+-
binding regulatory subunits, Cmd1/calmodulin and Cnb1,
associated with either of two semi-redundant catalytic subunits,
Cna1 and Cna2) [143,144]. Activated calcineurin dephosphor-ylates a transcription factor, Crz1 [145], permitting its retention
in the nucleus and thereby its ability to stimulate expression of
genes involved in dealing both with cell wall stress [146] and
with ER stress caused by agents such as the azole drug
miconazole (which blocks synthesis of the membrane sterol,
ergosterol) and the antibiotic tunicamycin (which prevents
glycoprotein biogenesis by blocking synthesis of mannose-rich
Asn-linked oligosaccharide chains) [147]. How Slt2/Mpk1
action promotes Cch1–Mid1 channel opening is not clear, but
presumably involves phosphorylation of one or the other, or
both, of these subunits (and/or of an interacting protein).
With regard to cross-talk between and coordination of
distinct MAPK pathways, it has been found recently [148]
that Slt2/Mpk1 becomes activated in response to hyper-
osmotic shock in a manner that depends primarily on the O-
glycosylated, integral plasma membrane protein Mid2 (rather
than on any of the other CWI sensors) (Fig. 1) and also requires
activated Hog1. Mid2 is also required for the activation of Slt2/
Mpk1 that is observed when the extracellular medium is rapidly
acidified (low pH stress), but the role of Hog1 in this process
was not explored [149]. Similar to hyperosmotic stress,
perturbation of cell wall β-1,3-glucan by digestion with
Zymolyase also activates Slt2/Mpk1 in a Hog1-dependent
manner, but requires Sho1 to do so (and none of the “classical”
CWI sensors, Wsc1, Wsc2, Wsc3, Wsc4, Mid2, or Mtl1) [150].
At what level activated Hog1 promotes Slt2/Mpk1 activation is
not known (C. Bermejo-Herrero, personal communication).
The Srb10/Ssn3/Cdk8-Srb11/Ssn8/cyclin C complex phos-
phorylates the C-terminal-repeat-domain (CTD) of the largest
subunit (Rpo21) of RNA polymerase II and thereby represses
transcription of a large number of genes. Curiously, when Slt2/
Mpk1 is activated by exposure of the cell to reactive oxygen
species (oxidative stress), but not when this MAPK is activated
by other means (e.g. heat stress), cyclin C is destroyed in a
manner that depends on Slt2/Mpk1 [151]. Cells lacking Slt2/
Mpk1 are hypersensitive to the growth inhibitory effects of
oxidants, and absence of cyclin C (but not loss of Cdk8)
suppresses the oxidative hypersensitivity of slt2Δ (mpk1Δ)
cells, suggesting that Slt2/Mpk1-mediated destruction of cyclin
C does something other than simply eliminate Cdk8-cyclin C-
dependent transcriptional repression [151].
Finally, both Slt2/Mpk1 and Hog1 appear to be among the
clients of yeast HSP90 (Hsc82 and Hsp82) and associate with
this chaperone only when the kinases are in their active,
phosphorylated state [152,153]. This interaction also seems to
require the essential HSP90 co-chaperone, Cdc37 [154,155]. A
point mutation in Hsp90 was identified that permits normal
Slt2/Mpk1 activation upon heat shock or caffeine treatment, but
abolishes Rlm1-dependent transcription [152]. This mutant
Hsp90 also rescues the inviability of strains expressing a
hyperactive Mkk1 allele, although it is unclear whether the
mutant Hsp90 is no longer able to interact with Slt2/Mpk1.
3.5. Spore wall assembly pathway
Upon deprivation of both a fermentable carbon source and an
additional essential nutrient (nitrogen, phosphorus, or sulfur)
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resulting haploid nuclei within coats composed of four layers,
yielding desiccation-, heat- and solvent-resistant spores. The
innermost two layers are composed primarily of glucan and
mannan, respectively, and resemble those same layers in the
walls of vegetative cells. The outer two layers are spore-specific
and are primarily composed, respectively, of chitin (linear β-
1,4-linked N-acetyl-D-glucosamine)/chitosan (linear β-1,4-
linked D-glucosamine) and proteins cross-linked by dityrosine
formation. Upon restoration of nutrients, the haploid spores are
able to germinate (for review, see [157,158]).
Diploids lacking the MAPK Smk1 undergo meiosis, but
exhibit defective assembly of the outer two spore wall layers
[159,160]. Interestingly, spore wall assembly defects in a smk1
hypomorph occur at progressively later times as the smk1 gene
dosage is increased, suggesting that different steps in the
process may be regulated by quantitative thresholds of Smk1
activity [161]. Smk1 interacts physically with Gsc2, a 1,3-β-
glucan synthase subunit required specifically for synthesis of
the glucan layer of the spore coat, and negatively regulates its
glucan synthase activity. Deletion of GSC2 rescues the chitosan
layer assembly defect of smk1/smk1 cells, suggesting that in
wild-type cells, which deposit the layers of the spore coat
sequentially from innermost to outermost, deposition of the
chitosan layer may require Smk1-mediated inhibition of Gsc2
activity to terminate Gsc2-dependent synthesis of the glucan
layer [160]. Although Chs3, the major chitin synthase in yeast,
is known to be required for proper assembly of the chitosan
layer [162], it is unclear whether the processes controlled by
Smk1 include Chs3 synthesis, function or localization [163].
Likewise, although Smk1 has been shown to be required for
proper expression of late sporulation genes, it is still not
resolved whether its role in spore wall assembly can be
completely explained by its apparent gene regulatory functions
[164].
Smk1 is only expressed during sporulation; this timing is
regulated at the transcriptional level by a middle sporulation
element (MSE) in its promoter [165]. Smk1 is phosphorylated at
the canonical Thr–X–Tyr motif in its activation loop, and these
residues are required for its function in vivo [166]. Remarkably,
however, no upstream activators for Smk1 of the MAPKK or
MAPKKK class have yet been identified. Smk1 activation is
dependent on Ama1, a meiosis-specific activator of the
anaphase promoting complex (APC) [167], suggesting that
some inhibitory factor needs to be removed, and also on Cak1
(the CDK-activating kinase), but not on Cdc28, the direct and
essential substrate of Cak1 during mitosis [166]. Diploids
lacking another sporulation-specific kinase, Sps1 (closest
mammalian ortholog in size, sequence and overall match length
is Osr1), have a phenotype similar to cells lacking Smk1 [168].
It was proposed, therefore, that Sps1 may serve as an upstream
activator of Smk1 [169]. However, this suggestion is not likely
to be correct because Sps1 is not expressed any earlier than
Smk1 during the sporulation program [170,171] and because
Sps1 localizes to the spore coat itself and is necessary for the
recruitment of wall-synthesizing enzymes there, including Chs3
[172]. Moreover, contrary to the view that either Sps1 or Cak1function upstream of Smk1, overexpression of Cak1 suppresses
the phenotypes of certain conditional smk1 mutants [166] and
localization of Chs3 is not perturbed in smk1/smk1 cells [172].
Thus, even if Smk1 is a direct target of Sps1 and Cak1, both
Sps1 and Cak1 clearly have functions separate from their
putative role in activating Smk1.
4. Regulation by MAPKs
4.1. Ion transporters
Hyperosmotic shock causes a very rapid dissociation
(≤1 min) of transcription factors and the transcription
machinery not already engaged in elongation from chromatin,
which is reversed within 10–30 min [173]. Reassociation of
proteins with chromatin is dependent on Hog1 phosphorylation
of the cytoplasmic domain of the Na+/H+ antiporter, Nha1, a
modification that stimulates its ability to extrude Na+ from the
cell. A model was proposed [173] which posits, first, that the
physicochemical force of hyperosmotic shock causes an
immediate increase in the concentration of Na+ throughout
the cell, leading to general dissolution of protein–DNA inter-
actions in the nucleus and, second, that Hog1-promoted
pumping of Na+ out of the cell via Nha1 permits protein–
DNA reassociation, regenerating the chromatin substrate for
longer-term transcriptional responses (which are themselves
often Hog1-dependent; see Section 4.4). This model seems at
odds, however, with a report indicating that Hog1 is required to
decrease Nha1-mediated efflux of K+ upon hyperosmotic shock
[174]. Additional studies will be needed to determine whether
Hog1-mediated phosphorylation of Nha1 does indeed affect its
ion selectivity such that the modified transporter is able to
export Na+ better and K+ worse. In a similar way, it has been
reported recently that Hog1-catalyzed phosphorylation of the
aquaglyceroporin, Fps1, is necessary to block the ability of this
channel to mediate the influx of the toxic compound, arsenite,
and confer cellular resistance to this noxious agent [175].
4.2. Cytoskeleton and cell morphogenesis
Like the pheromone-induced phosphorylation of the tran-
scription factor Tec1 [176,177], pheromone-induced phosphor-
ylation of a yeast amphiphysin, Rvs167, in vivo is dependent
upon Fus3, but not Kss1, and Rvs167 can be phosphorylated in
vitro by Fus3, but not by Kss1 [178]. Rvs167 is also
phosphorylated by Pho85, the yeast ortholog of mammalian
CDK5 [179], in complex with at least two of the ten known
Pho85-specific cyclins, Pcl1 and Pcl2 [178,180]. Phosphory-
lated Rvs167 exhibits decreased binding affinity for the yeast
WASP ortholog (Las17/Bee1), which activates the actin-
nucleating Arp2–Arp3 complex [181], and for the synaptojanin
(PtdIns4,5P2 5-phosphatase) Inp52/Sjl2 [182]. It has been
proposed that this release of Las17 from Rvs167 is necessary for
Las17 to activate the Arp2–Arp3 complex [178]. However,
deletion of Rvs167 exhibits no detectable mating defect [183]
and, thus, the significance of Rvs167 being a Fus3 substrate is
unclear. Perhaps Fus3-mediated displacement of Rvs167 allows
Fig. 2. Mechanisms of MAPK regulation of yeast cell cycle progression. Fus3
(in response to pheromone) and Hog1 (in response to hyperosmotic stress)
impose cell cycle arrest in the G1 phase via their direct phosphorylation of two
different proteins (Far1 and Sic1, respectively) that act as direct inhibitors of
yeast CDK1 (Cdc28). Hog1 also imposes cell cycle arrest in the G2 phase via
blocking the action of a protein kinase (Hsl1) necessary for initiating the
ubiquitin- and proteasome-mediated destruction of a protein kinase, Swe1
(mammalian ortholog, Wee1), that is a specific antagonist of cyclin B (Clb)-
bound CDK1. Slt2/Mpk1 (in response to cell wall stress) imposes G2 cell cycle
arrest via inhibition (direct or indirect) of the phosphoprotein phosphatase, Mih1
(mammalian ortholog, Cdc25C), that is necessary to reverse the inhibitory
tyrosine-specific phosphorylation installed on CDK1 by Swe1. See the text for
further details.
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take its place and contribute to the actin polymerization nece-
ssary for the polarized growth and the cell envelope changes
necessary for cell fusion [184,185]. Indeed, cells lacking
Rvs161, which contains a membrane curvature-inducing BAR
domain [186] (but lacks the C-terminal SH3 domain found in
amphiphysin and Rvs167), exhibits impaired cell fusion during
the mating process [183], and cells lacking either Rvs161 or
Rvs167 display reduced viability upon starvation (hence,
“Rvs”) for either carbon or nitrogen, or upon hypertonic stress
[187,188]. Hence, it is possible that MAPK phosphorylation of
these amphiphysins may also be important for their functions
under these stress conditions.
Another direct target of Fus3 is the formin Bni1, which
becomes tethered to the tip of the mating projection by inter-
action with polarisome components [189,190], interacts with
Cdc42-GTP [191], and promotes actin filament assembly in an
Arp2–Arp3-independent manner [192]. Fus3 phosphorylates
Bni1 in vitro and is required for the full phosphorylation and
shmoo-tip localization of Bni1 that is observed upon pheromone
stimulation in vivo [193]. During the mating response, a cell
lacking Bni1 exhibits defects in the actin cytoskeleton, cell
polarization, and cell fusion similar to those of a cell lacking
Fus3; these phenotypes of a fus3 cell can be substantially
rescued by overexpression of Bni1 [193]. Bni1-promoted actin
cables may be the avenue by which the Ste5 scaffold protein is
delivered to the shmoo tip [194]. Thus, the formin Bni1 may be a
primary target for the function of Fus3 in polarized growth and
cell fusion, independent of the roles that Fus3 plays in imposing
cell cycle arrest and inducing gene transcription.
4.3. Control of cell cycle progression
Pheromone stimulation leads to cell cycle arrest in the G1
phase in preparation for the formation of mating projections and
eventual cell and nuclear fusion of the haploid partners. This
cell cycle arrest is dependent upon a function of Far1 (Fig. 2)
that is independent of its role in delivering the GEF (Cdc24) for
GTP loading of Cdc42, which is, in turn, essential for both
MAPK activation (via the PAK, Ste20) [2] and cell polarization
(via Bni1 and other effectors) [19]. Upon pheromone stimula-
tion, Fus3 phosphorylates Far1 [195], which then is then able to
associate with and inhibit the function of cyclin–CDK
complexes (Cln1- and Cln2-bound Cdc28) [196,197]. Whether
this inhibitory effect is due, mechanistically, to direct inhibition
of the catalytic activity of the Cdc28 CDK is controversial
[198,199]. Additionally, Fus3 and Kss1 can impose pheromone-
induced cell cycle arrest in a Far1-independent manner,
although the molecular basis for this effect seems to be indirect,
namely via reducing expression of genes (CLN1, CLN2 and
CLB5) encoding cyclins necessary for the G1-S phase transition
[47,200].
Like pheromone stimulation, hyperosmotic stress also causes
MAPK-mediated cell cycle arrest [201,202]. Although this
arrest is only transient, it seems important for osmoresistance.
Unlike pheromone-imposed arrest, osmostress leads to cell
cycle delays in both G1 and G2 [203,204] (Fig. 2). Presumablystress responses are most efficiently and safely mounted when
the cell genome is not in the vulnerable state of either replication
or segregation (hence, either G1 or G2 arrest suffices). In
contrast, mating specifically involves cells that must maintain
their haploid genomic content, so only a G1 arrest is appropriate
in this circumstance.
Timely passage from G1 to S requires the ubiquitin-
dependent proteasome-mediated degradation of Sic1, a Cdk
inhibitor (CKI) of S phase cyclin–Cdk complexes (Clb5- and
Clb6-bound Cdc28) [205]. Upon hyperosmotic shock [201],
Hog1 phosphorylates Sic1 at a position that reduces its ability to
interact with a specificity subunit, the F-box protein, Cdc4 [206],
of the ubiquitin ligase (E3), known as the Skp1–Cdc53/Cul1in–
F-box (SCF) complex, which mediates ubiquitinylation of Sic1
[207,208]. Additionally, among the genes whose expression is
reduced, rather than induced, when Hog1 translocates into the
nucleus [92], are those encoding G1 cyclins (Cln1 and Cln2)
[201]. This situation reduces the extent of Sic1 degradation
because phosphorylation of Sic1 by G1 cyclin-bound Cdc28 is
what marks it for recognition by Cdc4 [205]. Thus, Hog1 action
stabilizes Sic1 through the combination of these two mechan-
isms, thereby stalling the G1-S transition.
The efficiency of passage from G2 to M is regulated, in part,
by a morphogenesis checkpoint in which assembly of the septin
collar at the bud neck leads to recruitment of an AMPK-related
protein kinase, Hsl1. Hsl1 promotes entry into mitosis by
recruiting and phosphorylating another protein, Hsl7, and
together these factors act to stimulate degradation of Swe1, a
protein kinase that phosphorylates and negatively regulates the
M phase-specific B-type cyclin (Clb1 and Clb2)-bound form of
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phorylates Hsl1 at a site within its Hsl7-interacting domain,
thereby preventing Hsl7 recruitment, thus stabilizing Swe1 and
causing a delay in exiting G2 and entering M phase [202].
Perturbation of the actin cytoskeleton (for example, by
exposure to the actin monomer-binding drug, latrunculin-B)
activates Slt2/Mpk1 and causes an Slt2/Mpk1-dependent G2
arrest. Unlike Fus3- and Hog1-mediated regulation of the cell
cycle via effects on CKIs (Far1 and Sic1, respectively), cell
cycle arrest by Slt2/Mpk1 seems to occur via blocking the
function of Mih1, the phosphatase that must act to reverse the
inhibitory phosphorylation installed by Swe1 [212]. In the
absence of Mih1 function, Swe1 action is sufficient to hold Clb-
bound Cdc28 in check, preventing mitotic entry (Fig. 2).
However, how Slt2/Mpk1 acts to prevent Mih1 function has not
been determined at the molecular level.
In this section, we have enumerated mechanisms elucidated
in yeast by which extracellular signal-activated or stress-
induced MAPKs impose cell cycle arrest. Given the conserva-
tion of both MAPKs and cell cycle components across
eukaryotes, some of these mechanisms may also be preserved
in mammalian cells.
4.4. Transcription
Perhaps the most well-characterized function of MAPKs is
their role in the regulation of gene expression at the trans-
criptional level (Fig. 3). Pheromone-regulated gene expressionFig. 3. Mechanisms of MAPK regulation of transcriptional initiation in yeast.
Inactive Kss1 resides mainly in the nucleus and acts as a transcriptional co-
repressor by forming quaternary complexes with the heterodimeric transcription
factor, Tec1–Ste12, and the repressors, Dig1 and Dig2. Ste7-dependent dual
phosphorylation activates Kss1, permitting it to phosphorylate the Dig proteins
and Ste12, thereby leading both to derepression and to activation of the
transcription factor. Inactive Hog1 resides mainly in the cytosol and Pbs2-
dependent dual phosphorylation activates Hog1 and promotes its translocation
into the nucleus, where it stimulates transcription at some promoters, in part, by
binding to and converting a transcriptional repressor, the Sko1–Cyc8/Ssn6–
Tup1 complex, into a transcriptional activator, and, in part, by affecting the state
of local chromatin modification via recruitment of a specific histone deacetylase,
the Sin3–Rpd3 complex. Active Hog1 can also stimulate transcription at other
promoters by phosphorylating and binding to a transcriptional activator, such as
Hot1, and thereby serving as an adaptor or mediator that also binds to and
recruits RNA polymerase II holoenzyme. See the text for additional details.is dependent on the transcriptional transactivator, Ste12 [213–
215]. Genes, such as FUS1 [216] and PRM1 [217], that are
virtually not expressed in the absence of pheromone [215]
contain multiple (=3) tandem repeats of a cis-acting site
(ATGAAACA), the pheromone response element (PRE), that is
both necessary and sufficient to place a gene under the control
of the pheromone response pathway [218–220]. Genes that are
expressed at a significant basal level in the absence of
pheromone, but further induced by mating pheromone (e.g.
STE2, MFA1 and MFA2 in a cells, and STE3 and MFα1 in α
cells) [218,221–223], typically contain only 1–2 PREs,
juxtaposed to the binding sites for other classes of DNA-
binding transcription factors. Ste12 binds directly to the PRE in
DNA via an N-terminal helix–turn–helix (HTH) motif related
to, but divergent from, that found in classical homeodomain
proteins [224]; Ste12 appears to be a member of the now-
recognized winged-HTH family of transcriptional regulators
[225]. The DNA-binding domain is situated within the first 164
residues of Ste12 (a 688-residue protein), followed by a
homodimerization domain within the next ∼50 residues, and
then by a transcriptional activation segment (whose minimum
seems to be residues 301–335) [226].
At the promoters of genes, like FUS1, in which the tandem
PREs have the appropriate spacing, Ste12 binds as a homodimer
[224]. However, at other promoters, Ste12 binds to DNA as a
hetero-oligomeric complex with other transcription factors,
such as an Ste12–(Mcm1)2 complex at the promoters of certain
a cell-specific genes [218,223], an Ste12–Matα1–(Mcm1)2
ternary complex at the promoters of certain α cell-specific genes
[221, 222], and an Ste12–Kar4 complex at the promoters of
genes expressed late in the mating process, like KAR3 (which
encodes a kinesin involved in karyogamy) [227]. At the PRY3
promoter, Ste12 binding is even able to shift which TATA
sequence is the preferred site for transcription initiation, leading
to the generation of a transcript that is 452 shorter than the
mRNA made in the absence of pheromone stimulation [228].
Mcm1 is the yeast ortholog of a ubiquitous mammalian
transcriptional activator, serum response factor (SRF) [229],
Matα1 is a homeobox-containing transcription factor [230,
231], and Kar4 is a transcription factor whose expression
requires Ste12 and is pheromone-inducible [232]. Exposure to
pheromone elevates the expression of a large number of genes
significantly, including those encoding proteins required for
cell–cell recognition and cell–cell fusion, components of the
pathway itself (positive feedback), and factors that down-
regulate the pathway (negative feedback) [215,233,234]. Fus3
action stimulates Ste12-dependent gene expression by phos-
phorylating Ste12 itself [195,235,236], but mainly by phos-
phorylating and relieving repression by two Ste12-binding
repressors, Dig1 and Dig2 [237,238].
Expression of genes required for invasive growth in haploids
also requires Ste12, but in this case, Ste12 does not usually bind
directly to DNA, but does so primarily via protein–protein
association with yet another, dimeric, DNA-binding transcrip-
tion factor, Tec1 [239–241]. Like Ste12, Tec1 can also function
as a transcription factor on its own [242]; however, the site
where a composite Ste12–(Tec1)2 complex binds is referred to
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tion of Ste12 specificity during different signal responses is
discussed further in Section 5.4.2). Two promoters that serve as
models for nutrient-responsive gene regulation are that of
MUC1/FLO11 [243], encoding a filamentous growth-specific
mucin-like flocculin/adhesin, and STA1 [244], which encodes a
secreted glucoamylase. These promoters integrate signals from
different pathways through consensus binding sites for multiple
transcription factors, including Ste12–(Tec1)2 (downstream of
the MAPK Kss1), Flo8 (downstream of the PKA Tpk2), Msn1
(downstream of the AMPK Snf1), and a Flo8-like transcription
factor, Mss11 [245,246]. At the STA1 promoter, a sequential
integration model for activation has been proposed in which
Ste12–(Tec1)2 binding to a FRE recruits the Swi/Snf remodel-
ing complex, which facilitates the cooperative interaction of
Flo8–Mss11 with the promoter, leading to RNA polymerase II
recruitment and transcriptional initiation [244].
These transcriptional activators are all regulated by competi-
tion with transcriptional repressors. At the MUC1/FLO11
promoter, the repressors Nrg1 and Nrg2 inhibit the binding of
Msn1 until Snf1-mediated phosphorylation lifts Nrg1- and
Nrg2-imposed repression [80]; likewise, Tpk2-mediated phos-
phorylation displaces a repressor, Sfl1, thereby permitting
binding of Flo8 (and its co-regulator, Mss11) [247]; similarly,
Kss1-catalyzed phosphorylation and displacement of Dig1 and
Dig2 permits stimulation of transcription by Tec1-tethered
Ste12 [237–239]. Collectively, rather similar events also occur
at the STA1 promoter [248].
At pheromone-responsive promoters, Ste12 homodimers
associate with both Dig1 and Dig2, which are only weakly
related (27% identity, 35% similarity). In one study, which
utilized biochemical pull-down assays, the larger Dig1 (452
residues) bound to the C-terminal region of Ste12 (residues 262-
to-594 of Ste12 were sufficient for this interaction), whereas the
smaller Dig2 (323 residues) bound to the N-terminal DNA-
binding domain of Ste12 [249]. However, in another study, the
minimal transcriptional transactivation segment of Ste12
(residues 301–335) was sufficient for interaction with either
Dig1 or Dig2, at least as judged by the two-hybrid method
[226]. At the promoters for genes involved in filamentous
growth, only Dig1 purportedly associates with the Ste12 in
Tec1-containing complexes [239]. This situation arises, alleg-
edly, because Tec1 associates with the DNA-binding domain of
Ste12, which appeared, in the first study cited above [249], to
also be the site where Dig2 binds; and, hence, the two proteins
would be expected to compete with each other [239]. However,
this claim is not supported by the fact that deletion of bothDIG1
and DIG2 is required to derepress filamention genes [237,238]
and by the other study cited above [226], which reported that
both Dig1 and Dig2 bind to a similar region of Ste12.
In any event, once phosphorylated, Ste12 binds Dig1 and
Dig2 more weakly [237,238]. Moreover, at least at FREs, Kss1
is also present in the Dig1- and Dig2-containing repressed
complexes [250]. Inactive Kss1 binds directly to and con-
tributes to repression of Ste12 [251]. Phosphorylation of Kss1
by its upstream MAPKK (Ste7) simultaneously weakens Kss1–
Ste12 interaction and activates the catalytic activity of Kss1[251]. Activated Kss1, in turn, phosphorylates Dig1, Dig2, and
Ste12 [237,238,251], thereby leading to full derepression of
Ste12-dependent expression. Kss1 also binds directly and
tightly to both Dig1 and Dig2 [237,238,250,251]. Collectively,
these data suggest that the inactive state of Kss1 serves as a
transcriptional co-repressor, that activation of Kss1 weakens
repression, and that, once activated, Kss1-mediated phosphor-
ylation of Dig-Ste12-(Tec1)2 complexes remodels them appro-
priately to promote transcriptional activation by Tec1-tethered
Ste12 (Fig. 3). Consistent with this view, like Dig1 and Dig2,
the bulk of Kss1 is always found in the nucleus before or after
pathway stimulation (L. Shiow, J.X. Zhu-Shimoni, R.E. Chen
and J. Thorner, unpublished results), as noted before for over-
expressed Kss1 [37].
As already mentioned briefly earlier, activated Slt2/Mpk1,
the MAPK of the CWI pathway, is also a regulator of gene
expression [107,139,252], primarily via the direct phosphoryla-
tion and activation of the transcription factor, Rlm1 [139–
141,253]. Genes with Rlm1-binding sites in their promoters are
enriched for those encoding proteins and enzymes involved in
cell wall structure or biogenesis [139,254,255]. It has also been
reported that Slt2/Mpk1 interacts physically with Swi4 (a
subunit of the heterodimeric Swi4–Swi6 transcription factor,
termed SBF), that recruitment of Swi4 to promoters is reduced
in strains lacking Slt2/Mpk1, and that Slt2/Mpk1 and Swi4
share a set of target genes that are independent of Swi6,
including the Pho85/CDK5-specific cyclin, Pcl1, and the 1,3-β-
glucan synthase, Gsc2 [106,256]. These findings have led to the
proposition that Slt2/Mpk1 may be involved in a novel Swi4-
mediated (but Swi6-independent) mode of gene regulation, but
the precise mechanism of this gene control is unclear [256].
Finally, another interesting direct substrate of Slt2/Mpk1 is Sir3,
a protein required for the maintenance and spreading of
heterochromatin [257]. Mutation of the Slt2/Mpk1 phosphor-
ylation site on Sir3 increases yeast lifespan an average of 38%
[258]. Sir3 is also reportedly a substrate for Fus3 [259]. These
observations suggest molecular connections between the
sensing of extracellular conditions, gene silencing, and cellular
senescence.
In response to hyperosmotic stress, Hog1 translocates from
the cytosol into the nucleus where it affects the expression of a
large number of genes [92,260,261], as mentioned earlier.
Unlike action of Fus3 and Kss1 through Ste12, and Slt2/Mpk1
largely through Rlm1, Hog1 influences the expression of genes
driven by a wide variety of transcription factors (those grouped
together are sequence-related), including: Hot1 and Msn1
(activators); Msn2 and Msn4 (activators); Sko1 (repressor); and
Smp1 (activator; very related to Rlm1, but similarity mainly
confined to their N-terminal MADS box-type DNA-binding
domains) [104,260,262–266]. All of these factors interact with
Hog1 at the promoters of the respective target genes, and the
role of Hog1 at some of them has been reasonably well
characterized (Fig. 3). Phosphorylation of Smp1 by Hog1 is
required for its activator function [104]. In the case of Sko1, this
DNA-binding protein acts as a repressor by binding the Tup1–
Ssn6/Cyc8 complex, which, in turn, recruits the ISW2
chromatin-remodeling and nucleosome-positioning complex
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and thereby prevents RNA polymerase II access to chromatin.
Hog1-mediated phosphorylation of Sko1 somehow converts it
into an activator, perhaps by causing it to jettison some or all of
its repressive co-factors [270,271]. How Hog1 action stimulates
Hot1 function is different still. Although Hog1 phosphorylates
Hot1, this modification is not necessary for the activator
function of Hot1; rather, active Hog1 is required for Hot1
binding at some promoters [272], and it is active Hog1 that
serves as an adaptor to recruit RNA polymerase II to the
promoter-bound Hog1–Hot1 complex [273]. Curiously, and
contrary to the dogma that histone deacetylation is correlated
with repression of gene expression, at many osmo-responsive
promoters, it has been reported that Hog1 interacts with and
thereby recruits another class of histone deacetylase, the Sin3–
Rpd3 complex; but, at these genes, Rpd3 action somehow
enhances, rather than prevents, recruitment of RNA polymerase
II, thus promoting osmostress-induced gene expression by yet
another mechanism [274].
Two different groups [275,276] have recently reported that,
beyond interacting with regulators of transcription initiation,
Hog1 also interacts with transcription elongation factors.
Furthermore, these studies also claim that Hog1 can be found
bound all along the coding regions of osmoresponsive genes
and that Hog1 can enhance mRNA synthesis of normally
osmoresponsive genes, even when the promoter has been
rendered Hog1-insensitive (by replacement of the native control
elements with a bacterial LexA operator driven by the artificial
constitutive activator, LexA–VP16) [275,276]. Thus, the Hog1
MAPK may function not only as an integral component of
several different types of transcriptional initiation complexes,
but may also serve as a co-factor for transcriptional elongation.
In summary, MAPKs regulate transcription not only by
directly phosphorylating transcription factors, but also by
participating structurally as stable components of complexes
that can serve as either transcriptional repressors or activators.
This scenario may be true not only for MAPKs, but also for
other families of kinases [275,277]. The function of a MAPK-
containing complex as a repressor or activator, or its structural
integrity, can be altered upon activation of the MAPK or by the
phosphorylation of components by the active MAPK. Addi-
tionally, it seems that MAPKs can interact physically with
transcriptional regulators other than promoter-binding tran-
scription factors, such as histone deacetylases, transcriptional
elongation factors, and even RNA polymerase II itself. The
mechanisms by which MAPKs regulate transcription constitute
an unexpectedly diverse repertoire for directly connecting the
outputs of signal transduction pathways to the primary gene
regulation machinery of the cell.
4.5. Translation
In addition to the many characterized instances in which
MAPKs regulate mRNA synthesis, it has recently become
apparent that MAPKs also perform important functions in the
regulation of gene expression at the level of protein synthesis.
Hyperosmotic shock induces a transient decrease in the rate oftranslation [278], which recovers as the cells adapt to the stress
[279]. This effect is thought to mediated by Hog1, which
phosphorylates Rck2 [103] a MAPKAP kinase [280] that is
distantly related to the type II Ca2+/calmodulin-dependent
protein kinase (CaMKII) subfamily (although Rck2 does not
bind Cmd1 (yeast calmodulin) nor is its activity affected by
Cmd1 [281]. With regard to the effects observed on translation
upon activation of Hog1, it is interesting that Rck2 is able to
phosphorylate in vitro yeast translation elongation factor 2 (EF-
2; encoded by the EFT1 and EFT2 genes) [103,281]. Phos-
phorylation of the mammalian homolog causes its dissociation
from ribosomes and stimulates protein synthesis [282]. This
effect of phosphorylation is more consistent with a role for
Rck2 in promoting recovery from the initial translational
repression observed in response to hyperosmotic stress. In this
regard, one study does report that Hog1 is required not for the
initial decrease in translation, but rather for the subsequent
recovery [279].
In a similar manner, it has been demonstrated that treatment
of cells with mating pheromone dramatically affects what
transcripts are found in association with polysomes and does not
correlate well with the relative abundance of those transcripts
globally [283–285]. It seems likely, therefore, that MAPKs
differentially influence which transcripts are selected for
translation and the efficiency with which they are translated.
This discrimination could be achieved, for example, by MAPK-
mediated inhibition of bulk translation in a manner that affects
most, but not all, transcripts. Such an effect has been observed
upon the stress of glucose withdrawal [286]. Alternatively,
MAPKs could facilitate the selective protection of specific
transcripts from some constitutive mechanism, like mRNA
turnover. There is at least claim of a MAPK-dependent
translational regulation that occurs at the level of a target
transcript, as opposed to the level of a general translation factor.
It has been reported that a very unstable mRNA, MFA2 (one of
the genes that encodes a-factor pheromone) [287] displays a
marked increase in its translation when cells are shifted from
glucose (a fermentable carbon source) to glycerol (a non-
fermentable carbon source) and that this response requires the
MAPK, Hog1 [288]. The MFA2 mRNA possesses AU-rich
elements (AREs) in its 3′-untranslated region (3′-UTR) just
upstream of its poly(A) tail, and during growth in glucose, the
3′-UTR is occluded by spreading of the poly(A)-binding
protein, Pab1 [288]. During growth in glycerol, full-length Pab1
is replaced by a truncated form of Pab1, and MFA2 translation
becomes derepressed [288]. Likewise, Pab1 binding and MFA2
repression do not occur in cells lacking Pub1, an RNA-binding
protein that recognizes the AREs and helps recruit Pab1.
However, the mechanisms underlying these carbon source-
elicited Hog1-dependent effects are obscure, to say the least.
First, these same workers have reported that loss of Pub1
generally destabilizes the transcripts that bind Pub1 [289]
contrary to what they purportedly observed withMFA2 mRNA.
Second, binding of Pab1 to the poly(A) tail generally promotes
cap-dependent translation of mRNAs, through the mutually
reinforcing associations of the eIF4G scaffold protein with both
the 7-methyl G cap-binding protein (eIF4E) and Pab1 [290],
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Another recent study suggests that translational regulation
may be involved in setting the level of Ste12 made during the
filamentous growth response [291]. Under nutrient limiting
conditions, the amount of Ste12 increases, while abundance of
STE12mRNA does not. This apparent discrepancy is explained,
at least in part, by the fact that STE12 mRNA becomes enriched
in the polyribosome fraction under these conditions. Deletion of
either Caf20, which is a yeast eIF4E-binding protein (4E-BP),
or Dhh1, a DEAD-box RNA helicase found in cytoplasmic
mRNA-processing centers called P-bodies [292], prevents the
increase in Ste12 protein without affecting mRNA levels.
Consistent with this, cells lacking Caf20 or Dhh1 exhibit
observable defects in filamentous growth [291]. Again, these
reported effects are somewhat counter-intuitive. Loss of 4E-BP
should stimulate cap- and eIF4E-dependent translation and loss
of Dhh1 should spare an mRNA from delivery to the P-body
and thus increase the amount of the transcript available for
translation. Nonetheless, at least one other group has also
reported that loss of 4E-BPs impedes filamentous growth in
yeast [293], suggesting that without 4E-BPs to restrict the
function of eIF4E and presumably cap-dependent translation,
the mRNAs needed for this developmental response cannot be
selectively translated. This notion, in turn, suggests that perhaps
the mRNAs for such factors are translated preferentially via
internal ribosome entry sequences (IRES's). Indeed, this
possibility is consistent with the fact that transcripts for many
genes involved in filamentous growth (and other stress
responses) have unusually long 5′-UTR's and do seem to
contain functional IRES elements (W. Gilbert and J. Doudna,
personal communication). Nonetheless, it is not known whether
any of these phenomena are dependent on the action of any
MAPK; however, at least in the filamentous growth pathway, a
primary candidate might be Kss1, which is already known to
regulate Ste12 function by several post-translational mechan-
isms (see Section 4.4), although Fus3 and other kinases also
modulate the level and thus the function of Ste12 post-
translationally [294,295].
5. Regulation of MAPK signal transduction
5.1. MAPK scaffolds
It is noteworthy that three of the five MAPK pathways
discussed in this article (Fig. 1) depend on proteins that serve an
adaptor, anchoring, or scaffold function to ensure that critical
components of the MAPK cascade can be readily engaged by
the correct upstream initiating signal and are held in close
proximity to each other at the plasma membrane. Presumably
this latter kind of enforced intimacy is necessary to maximize
signal propagation while minimizing the risk of inadvertently
activating inappropriate and/or unproductive responses. In the
pheromone response pathway, Ste5 binds the Gβγ (Ste4–
Ste18) released from pheromone receptors, as well as the
MAPKKK Ste11, the MAPKK Ste7, and the MAPK Fus3 of the
pathway [10–12]. In the hyperosmotic stress response, Pbs2serves a similar scaffold function (even though it is itself the
dedicated MAPKK of the HOG pathway) because it binds the
integral membrane protein that is a component of one of the
primary osmosensors (Sho1), its immediate upstream activators
(the three MAPKKKs, Ste11, Ssk2 and Ssk22), and its target
MAPK (Hog1) [9,93,95]. In the CWI pathway, the Spa2
scaffold protein, which interacts with Bni1, Bud6 and other
plasma membrane-localized actin-associated proteins, as well as
with other components of the polarisome required for polarized
growth, also binds two MAPKKs, Mkk1 and Mkk2, as well as
their target, the Slt2/Mpk1 MAPK [296,297]. The need to make
all of these contacts perhaps explains the very large size (1466
residues) of the Spa2 polypeptide. The lack of sequence rela-
tedness among these scaffolds suggests that other, as yet
unidentified scaffolds, will be difficult to predict by any kind of
simple computational analysis.
Ste5 was the first MAPK scaffold protein identified in any
organism and is arguably the best characterized [298,299].
Recent findings demonstrate that Ste5 serves as much more than
a passive platform on which to simply moor the constituent
kinases of the pheromone response pathway. In vegetatively
growing cells, Ste5 undergoes rapid nucleocytoplasmic shut-
tling, with a predominantly nuclear distribution in naïve cells.
Upon pheromone stimulation, a significant proportion of the
population of Ste5 molecules localizes to the tip of the mating
projection [300–302]. Ste5 binds to Gβγ through its RING-H2
domain [13,28,29], but also associates with acidic phosphoi-
nositides at the plasma membrane through an N-terminal basic
amphipathic helix (PM motif) [32] and with PtdIns4,5P2
specifically via an internal PH domain [33]. Each of these
three interactions individually, or even any two of them, is
insufficient to stably tether Ste5 to the plasma membrane;
however, all three acting in conjunction are sufficient to do so
[33]. Furthermore, studies suggest that Gβγ-binding may
induce a conformational change in Ste5 that perhaps optimizes
the orientation of the bound kinases [303] or exposes the PM
and PH domains to permit efficient membrane binding [33], or
both. However, the converse may be true, namely that asso-
ciation with Gβγ is passive whereas the ensuing association
with membranes is what causes conformational change that is
important for Ste5 function, because it has been observed that
artificial tethering of Ste5 to intracellular membranes amplifies
signal transduction downstream of constitutively-active (Ste20-
independent) alleles of the Ste11 MAPKKK [304]. Other
studies suggest that proper pheromone-stimulated localization
of Ste5 from the nucleus to the cell cortex depends on its
movement along actin cables assembled in a Bni-dependent
manner [194], as mentioned earlier, and on direct interactions
between Ste5 and Cdc24 (Cdc42 GEF) [305]. Although the
former is supported by independent findings from another group
[193], that latter proposal is most likely incorrect since an allele
of Cdc24 (cdc24-4) that cannot interact with Ste5 does not
exhibit any detectable mating defect [306].
Ste5 is found in what appear to be large complexes [10].
Moreover, efficient interallelic complementation is observed
between ste5 alleles that are individually non-functional
[307,308]. These observations suggest that Ste5 monomers
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function to activate the pheromone response pathway only
when it is in the oligomeric state. Indeed, fusion of a hetero-
logous dimerization domain (glutathione S-transferase) rescues
the mating defect of non-oligomerizing ste5 alleles [28] and
promotes nuclear export and membrane recruitment of Ste5
[309]. Oligomerization of Ste5 seems to require its RING-H2
domain [28,308,309]. Additionally, the N- and C-terminal
portions of Ste5 can interact in vitro [303]. Together, these and
other data suggest, first, that only properly oligomerized and
membrane-localized Ste5 can present its bound cargo of
MAPKKK Ste11 to its membrane-tethered upstream activator,
the PAK Ste20, in the appropriate manner and, second, that Ste5
oligomerization also serves to arrange the interrelationships
between its other bound kinases so as to optimize signal
propagation between them. Remarkably, it is still not known
whether the active Ste5 oligomers are dimers or higher order
structures, whether oligomerization occurs in a parallel or
antiparallel orientation, or whether the kinases of the MAPK
cascade phosphorylate each other in cis on a single scaffold
molecule or in trans across the monomers within an oligomer.
Recently, it has been observed that, in vitro, Ste5 binds Fus3
directly (but not Kss1) [310], a finding consistent with the fact
that Fus3 is readily detectable in immunoprecipitates of Ste5
isolated from cell extracts, but Kss1 is not [303]. Second, it has
been observed that a peptide fragment of Ste5 corresponding to
the site where Fus3 docks acts as an apparent allosteric activator
in vitro by stimulating Fus3 auto-phosphorylation on the Tyr of
the –TEY– motif in its activation loop [310]. This form is more
active than unphosphorylated Fus3, but significantly less active
than dually-phosphorylated Fus3. The physiological signifi-
cance of this finding is unclear for several reasons. In vivo, it
has been shown previously that both Tyr and Thr phosphoryla-
tion depend on Ste7 [311], and there is no evidence to show that
this allosteric autoactivation of Fus3 can occur in the context of
full-length Ste5 or when Ste7 is present, or be preserved in the
face of competing cellular phosphatases. Nonetheless, the
observation is intriguing because it provides yet another
indication that Ste5 has a role in actively establishing the
conformational state and perhaps activation state of at least one
of its bound kinases.
It has been suggested [302] that another role for Ste5 is to
permit signal amplification in this MAPK pathway. This idea is
based on analysis of the dynamics of green fluorescent protein
(GFP)-tagged versions of several of the pathway components
determined by fluorescence recovery after photobleaching
(FRAP). Compared to Ste5, whose localization at the plasma
membrane seems quite stable by this measure, Fus3 displays
high rates of association and dissociation. Theoretically, this
situation would allow each scaffold molecule to participate in
many rounds of activation and thus produce multiple molecules
of activated MAPK, which are then free to translocate into the
nucleus or diffuse to other effector sites without being
complexed with Ste5. It has also been observed that upon
pheromone stimulation, Ste5 is phosphorylated by the mating
pathway kinases [312], and such modifications may assist in
dissociating bound components, like Fus3. If so, thesephosphorylations would also need to be very dynamic to
support the amplification scenario just described. Also, the
cellular and cortical abundance of Ste5 increases in a MAPK-
dependent manner [313], indicating some sort of positive
feedback loop between the scaffold and the MAPKs.
5.2. Subcellular localization
Spatial heterogeneity and compartmentalization within cells
permits pathways and molecular components to be regulated on
the basis of their subcellular localization and molecular
accessibility. The localized recruitment in space and time of
many factors (for example, the PAK, Ste20, or the scaffolds,
Ste5, Pbs2 and Spa2) is an integral part of the operation of the
MAPK pathways in which they are found (see Sections 2.2, 3,
5.1 and 5.4.1). For additional viewpoints on the physiological
consequences of localization of pathway components, see
[87,302,314]. Here we focus primarily on regulation of the
subcellular distribution of the MAPKs themselves.
In mammalian cells, the MAPK Erk2 is localized in the
cytosol when inactive and enters the nucleus after activation
[315,316]. The upstream MAPKKs, Mek1 and Mek2, have a
high-affinity docking site for Erk2, but also contain a potent
nuclear export signal (NES), thus ensuring that prior to
activation, the complex is in the cytoplasm. Upon activation,
dually-phosphorylated Erk2 dissociates from Mek1 and Mek2
and enters the nucleus by a combination of (a) passive diffusion
as amonomer, (b) Ran and importinβ-dependent active transport
as a dimer, and (c) Ran/importin β-independent facilitated
diffusion via direct interactions with the nuclear pore complex
[317–321]. In certain cell types, active Erk2 is sequestered in the
cytoplasm by the Golgi-localized transmembrane protein, Sef, or
the small death effector domain (DED)-containing protein Pea-
15 [322,323], thereby channeling the signal exclusively to
cytoplasmic effectors. Mek1 and Mek2, which undergoes
nucleocytoplasmic shuttling, can retrieve Erk2 from the nucleus
once it has undergone inactivation/dephosphorylation.
In yeast, the MAPK Hog1 displays a localization pattern
similar to that of Erk2, namely cytoplasmic when inactive, and
then nuclear after activation, but transiently. Nuclear transloca-
tion of Hog1 upon activation is very rapid (within 5 min) and
depends its dual phosphorylation [324]. Moreover, nuclear
import requires that Hog1 itself be an active kinase [325] and is
mediated by the karyopherin (importin β family member),
Nmd5 [100]. Contrary to a previous claim [324] subsequent
export of Hog1 does not require its kinase activity [325], but it
does require Xpo1/Crm1, another importin β family member
[100]. However, specific NLS or NES signals have not yet been
identified in Hog1. Hog1 localization is also influenced by
relatively high-affinity interaction partners in each compart-
ment. Of particular note, in the nucleus, Hog1 interacts with
many transcriptional regulators (see Section 4.4) and a protein–
tyrosine phosphatase, Ptp2, which is responsible for Hog1
deactivation in that compartment. In the cytosol, Hog1
associates with its MAPKK, Pbs2, and with another protein–
tyrosine phosphatase, Ptp3, which tethers it in the cytoplasm
[326].
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predominantly nuclear (although also observable in the cyto-
plasm) both when active and inactive [37,314]. Although the rate
of Fus3 nuclear entry, as assayed by FRAP, is not significantly
altered by pheromone treatment [302], a small increase in the
nuclear/cytoplasmic Fus3 ratio has been reported [327]. Addi-
tionally, a population of highly mobile Fus3 accumulates at the
tips of cellular mating projections formed upon pheromone
stimulation [302]. Artificial tethering of the scaffold Ste5, but not
a mutant version lacking the Fus3-binding region, all around the
plasma membrane was sufficient to recruit Fus3, as well as
unphosphorylatable and catalytically-inactive alleles, to the
plasmamembrane, suggesting that localization of Fus3 to the site
of polarized growth during pheromone response may be Ste5-
mediated [302]. Consistent with this view, cortical recruitment of
Fus3 is not observed in cells lacking Ste5 [302] however, the lack
of formation of mating projections in such cells (due to the
absence of downstream signaling) means that one cannot
exclude the formal possibility that recruitment of Fus3 to the
shmoo tip normally requires the events and processes required
for polarizedmorphogenesis itself or is mediated by other factors
recruited into the mating projection other than the Ste5 scaffold
itself. In this regard, it is noteworthy that pheromone-induced
recruitment of both Fus3 and Ste5 to the cell cortex is absent in
cells lacking the formin Bni1 [194]; but again, the complication
in interpreting this result unequivocally from a mechanistic
standpoint arises from the fact that Bni1-deficient cells also do
not form mating projections. Altogether, therefore, the require-
ment of pathway activity for mating projection formation has so
far precluded a definitive determination of whether recruitment
of Fus3 to the mating projection tip is mainly due to its
interactions with upstream activators or to provide an opportu-
nity to interact with downstream targets/effectors.
A claim that a significant amount of Fus3 is associated with
Gpa1 (Gα) [328] is unlikely to be of biological relevance. In
fact, even when Gpa1 or Msg5 (a dual-specificity, i.e. Ser/Thr-
and Tyr-specific, protein phosphatase that can deactivate Fus3)
is over-expressed, there is only a very slight decrease in the
nuclear/cytoplasmic ratio of Fus3 after pheromone stimulation.
Furthermore, although these subtle effects on the nucleo-
cytoplasmic distribution of Fus3 were reportedly dependent on
the karyopherin, Kap104 [327], deletion of the KAP104 gene,
which is not an essential gene, had no effect on the Fus3
distribution in otherwise wild-type cells [327].
Thus, although it seems that Fus3 and Kss1 constitutively
and rapidly shuttle between the nucleus and cytoplasm
independently of their activation state or catalytic activity
[302], it is still unclear what the major determinants are for
establishing the observed steady-state distribution wherein the
bulk of these MAPKs are nuclear. As for Hog1, no classical
NLS or NES sequences have been identified in Fus3 or Kss1. It
may be the case that regulation of the subcellular distributions
of Fus3 and Kss1, is carried out in a manner more similar to that
of Erk2 than of Hog1, occurring not at the level of energy-
dependent translocation, but primarily at the level of tethering
and release from partners that are themselves independently
compartmentalized. Unlike Erk2, however, the dominant"anchors" for Fus3 and Kss1 in unstimulated cells must be
nuclear, not cytoplasmic. Perhaps the most obvious candidates
might be transcriptional regulators, as Fus3 and Kss1 have been
shown to interact physically with the transcription factors Dig1,
Dig2, and Ste12 [237,251], and to be present in complexes
bound to the DNA of several genes [275]. However, at least
Fus3-GFP is still predominantly nuclear even in dig1Δ dig2Δ
ste12Δ cells [302], and we have observed the same for Kss1-
GFP (R.E. Chen and J. Thorner, unpublished results).
5.3. Temporal characteristics and pathway inactivation
The responses of cells to external signals and acute stresses,
while necessary for viability or developmental transitions in the
short term, often involve behaviors that can impair growth or
viability in the long term. Accordingly, MAPKs, particularly
those that either arrest or substantially divert resources away
from cellular proliferation, generally are kept at low activation
levels in the absence of their appropriate signals and are rapidly
inactivated following the course of a relatively brief response.
For example, Fus3 and Hog1, both of which induce cell cycle
arrest, are both inactivated within an hour or less after their
activation, permitting cells to recover and resume vegetative
growth (as either haploids or diploids, in the case of the
pheromone response, depending on the success of mating).
Tellingly, artificially prolonging the activation of either MAPK
causes inviability. Inactivation of MAPK pathways occurs
through both constitutive and induced (negative feedback)
mechanisms. In addition to their gross roles in preventing
inviability, however, it is also becoming clear that mechanisms
for inactivating MAPK pathways are also well suited, and
utilized, for more finely tuned regulation that affects the nature
of the quantitative profile of signal transduction activity spatially
and temporally. Modulation of the speed, magnitude, and
duration of pathway activation can play a role in determining the
qualitative nature of the output elicited [43,329–331].
Because MAPKs are only fully active when phosphorylated
on both the Thr and Tyr in their activation loop, one effective
mechanism of MAPK inactivation is dephosphorylation by
protein phosphatases of the serine/threonine, tyrosine, or dual-
specificity classes. For other recent reviews on the roles of
phosphatases in MAPK signaling, see [332,333]. Fus3 has been
shown to be dephosphorylated by the dual-specificity phos-
phatase Msg5 and the protein–tyrosine phosphatases Ptp2 and
Ptp3; Hog1 by Ptp2, Ptp3 and the serine–threonine phospha-
tases Ptc1, Ptc2 and Ptc3; and Slt2/Mpk1 by Msg5, Ptp2, Ptp3
and the dual-specificity phosphatase Sdp1 [138,333–344].
Although some of the same phosphatases target different
MAPKs, substrate preferences vary, dictated by differential
binding affinity and/or subcellular localization. Another
mechanism operates in the case of a PP2C, Ptc1, that acts on
Hog1. Ptc1 binds to an adaptor protein, Nbp2, which contains
an internal SH3 domain that preferentially associates with a
PxxP motif in the N-terminal regulatory domain of Pbs2, at a
site distinct from the PxxP motif by which the SH3 domain at
the C-terminus of Sho1 binds to Pbs2. Therefore, presumably,
Pbs2 can interact simultaneously with both positive and nega-
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acts as a scaffold to bind Hog1, the association of Nbp2 with
both Ptc1 and Pbs2 delivers the phosphatase to its MAPK target,
Hog1. The specific phosphatase(s) that act to down-regulate
Kss1 have not yet been identified.
As assayed by the level of phosphorylation in a given MAPK
in cells lacking particular phosphatases, different phosphatases
contribute to different extents and with different efficiencies
with respect to their effects on the unstimulated, stimulated, and
adapted states of their target MAPKs [333]. The temporal
relationships observed are due, in part, to additional regulatory
interactions between the MAPK pathway and the phosphatases.
For example, Msg5 has a significant role in down-regulating the
activity of Fus3 to promote recovery from pheromone stimula-
tion. For Slt2/Mpk1, however, Msg5 seems more important for
maintaining the low basal phosphorylation of Slt2/Mpk1 and is
not much involved in down-regulating Slt2/Mpk1 after its stress-
induced activation. Consistent with these roles, it is not
surprising that the MSG5 gene is expressed at a significant
level under all conditions and is transcriptionally induced upon
pheromone stimulation [334] but not upon heat shock or
oxidative stress [343]. Furthermore, it has been observed that,
during cell wall stress, the affinity of Msg5 for Slt2/Mpk1
decreases [344], and Slt2/Mpk1 phosphorylates Msg5 (although
the role of this modification in the observed reduction of affinity
was not explored) [344]. Similarly, expression of PTP2 and
PTP3 is induced in a Hog1-dependent manner, as expected if
these phosphatases are part of the negative feedback loop that
down-regulates activated Hog1 [336].
Besides dephosphorylation of MAPKs, MAPK pathway
activity can also be attenuated in a timed manner by the
ubiquitin-mediated degradation of pathway components. The
unphosphorylated form of Ssk1, which promotes HOG pathway
activation via the Sln1 branch, is degraded more rapidly than
phosphorylated Ssk1, promoting recovery from osmostress
[346]. In the pheromone response pathway, degradation of the
MAPKK, Ste7, which is dependent on its phosphorylation by its
activating MAPKKK, Ste11, is thought to contribute to
recovery from pheromone-induced cell cycle arrest [347,348].
Similarly, prolonged exposure to pheromone eventually leads to
the Fus3-dependent degradation of the downstream transcrip-
tion factor, Ste12 [294]. The pheromone response pathway Gα
(Gpa1) seems to undergo ubiquitin-mediated degradation
[349,350] although whether or not this is regulated by pathway
activity is unclear. In a variant mechanism for potential
degradation-controlled pathway regulation, Ste11 seems to
undergo rapid cycles of synthesis and destruction, although its
total levels remain constant during pheromone stimulation
[351], so the biological significance of this observed flux is not
immediately obvious. On the other hand, in contrast to cases
wherein pathway activity-induced degradation acts as a timer
that limits the duration of activation, one could view this rapid
turnover and replenishment as a means to ensure swift pathway
shutoff upon cessation of upstream input, since the newly made
Ste11 will not become activated (phosphorylated) when there is
no active Ste20 to do so. However, this mode of Ste11
regulation does not seem to occur during osmostress [351].Hence, Ste11 tethered to Ste5 is somehow more susceptible to
this stimulus-induced degradation than Ste11 tethered to Sho1,
Pbs2, and Ste50.
Down-regulation of G protein-initiated signaling upstream of
many of the MAPK pathways occurs via action of the cognate
GAPs. In the case of heterotrimeric G proteins, the protein
responsible for stimulating GTP hydrolysis bound to a Gα
subunit is a member of the family of Regulators of G protein
Signaling (RGS) proteins. The first such protein recognized in
any organism and the primary negative regulator of the
pheromone response pathway is the prototype RGS protein,
Sst2 [352,353]. Occupancy of a pheromone receptor by its
ligand causes a conformational change that allows the receptor
to act as a GEF on Gpa1; simultaneously, this conformational
change also exposes the C-terminal tail of the receptor,
permitting the binding of Sst2 to the cytoplasmic tail of the
receptor via two DEP domains situated in the N-terminal half of
Sst2 [354]. Once tethered at the membrane, the C-terminal RGS
domain of Sst2 is now in close proximity to its substrate, GTP-
bound Gpa1, and can act on it efficiently. This situation ensures
that pheromone response in the cell will only occur if the
amount of pheromone to which it is exposed is high enough to
activate enough receptors to generate more Gpa1–GTP than the
Sst2 RGS protein can handle. Also, as expected for a classical
negative feedback loop, the SST2 gene is expressed at a
significant basal level, but is also induced in response to
pheromone, and the amount of Sst2 protein increases 10–20
fold [352]. It has been variously reported that the DEP domain-
containing region of Sst2 associates with, on the one hand, a
member of the Pumilio family (Puf) repeat class of mRNA-
binding proteins, Mpt5/Puf, and that this interaction somehow
contributes to recovery from pheromone response in an RGS-
independent manner [355,356] and, on the other, with several
proteins (e.g. Vps36, Pep12/Vps6 and Tlg2) involved, directly
or indirectly, with trafficking to the endosome and/or vacuole
[357]. Since Sst2 associates tightly with pheromone receptors
[354] and the receptors undergo robust constitutive and ligand-
induced endocytosis in a ubiquitin-dependent manner [358], the
latter interaction with proteins involved in endosomal traffick-
ing may be physiologically significant.
Other instances of negative regulation in MAPK pathways
have been identified, but are less well characterized. Phosphor-
ylation by Fus3 of its scaffold protein, Ste5, down-modulates
pheromone pathway output by an unknown mechanism [310].
Quite recently, it has been shown that the G1 cyclin-bound form
of Cdc28 multiply phosphorylates Ste5 and that these
modifications prevent efficient association of Ste5 with the
plasma membrane, providing a mechanism to block initiation of
pheromone response in cells already committed to entering the
cell cycle [359,360]. Mutations in a Ran binding protein (Yrb1)
that preferentially prevent nuclear import and elevate the
amount of Ste5 in the cytoplasm increase mating efficiency,
suggesting that re-import of Ste5 back into the nucleus may also
contribute to terminating signaling [361].
Fus3 purportedly binds to Gpa1, and mutations in Gpa1 that
supposedly have no other effect on Gpa1 function other than
to disrupt this interaction reportedly cause defects both in
1328 R.E. Chen, J. Thorner / Biochimica et Biophysica Acta 1773 (2007) 1311–1340pheromone-induced polarized growth and in recovery from the
stimulus [328]. On this basis, it was suggested that the Gα-Fus3
interaction may negatively regulate the activity of the MAPK, or
may serve to channel its activity toward substrates at the plasma
membrane (as opposed to those in the nucleus), or both [328].
Similarly, it has been reported [17] that Gpa1 interacts with
Scp160, an mRNA-binding polysome-associated protein con-
taining seven hnRNP K-homology (KH) repeats that localizes to
the endoplasmic reticulum (ER) [362] and is an apparent
ortholog of a mammalian RNP protein involved in nuclear RNA
export, vigilin [363]. It is possible that this interaction might
contribute to the differential recruitment ofmRNAs to translating
ribosomes that is observed during pheromone response, which
was discussed above (see Section 4.5). Evenmore recently, it has
been reported that Gpa1 released from pheromone receptors
travels to endosomes and there encounters, binds to, and
stimulates the PtdIns 3-kinase Vps34 and its regulator, Vps15
[21]. However, the resulting effects on cellular PtdIns3P levels
are modest, even in cells expressing a GTP hydrolysis-defective
Gpa1 mutant. Moreover, vps34Δ cells still mate at about ∼25%
the efficiency of their wild-type counterparts and exhibit only a
modestly diminished capacity to mount a transcriptional
response to pheromone, as judged from reporter gene assays.
These effects are truly small compared to the phenotype of
mutants defective in previously known components of the
mating pathway. For example, a ste4, ste5, ste7, ste11 or ste12
mutant mates with a frequency that is at least seven orders of
magnitude lower than that of wild-type cells [364].
Furthermore, Gpa1 is not required for the pheromone
response pathway. In fact, gpa1Δ cells are unable to grow
because they undergo G1 arrest and display other responses
(shmoo formation) diagnostic of constitutive pathway response
[365,366], and all of these behaviors are eliminated in a gpa1Δ
ste4Δ double mutant [367]. In other words, unlike Gα, Gβγ has
an absolutely essential role in triggering all of the downstream
events of pheromone response. Thus, although these newly
described interactions of Gpa1 discussed in the preceding
paragraph (with Fus3, with Scp160, and with Vps34) may
contribute some sort of back-up mechanisms that enhance the
robustness of the system overall, it is certainly the case that none
of them is required for pheromone response, including the roles
that Fus3 plays in projection formation.
5.4. Signal specificity and cross-pathway interactions
Different signal transduction pathways often utilize the same
molecular components. For example, Sho1, Msb2, Cdc24,
Cdc42, Bem1, Ste20, Ste50, Ste11, Ste7, Kss1, and Ste12 are all
utilized in at least two MAPK-mediated signal response
pathways (Fig. 1). Accordingly, much recent research has
been focused on elucidating the molecular bases underlying the
distinction between and implementation of inter-pathway
coordination and pathway specificity; recent reviews on this
subject include [368–371].
In the larger and highly differentiated cells of metazoans, and
in those cases wherein multiple pathways use a shared
component, signal fidelity can be maintained by separatingalternative downstream targets. This separation can be
achieved, for example, by development-specific gene expres-
sion, such that a target is present in one cell type, but not in
another; or, targets in the same cell can be separated spatially
(for example, located at the apical as opposed to the baso-lateral
surface) or temporally (for example, at different points in the
cell cycle) (for further discussion, see [369]). The situation in
yeast poses a more difficult situation with regard to establishing
and maintaining specificity because the potentially confounding
factors are all expressed together and are, relatively speaking,
readily accessible to each other, as demonstrated by the fact that
rather straightforward genetic mutations can give rise to
abnormal cross-talk between pathways [43,372]. So, under
such especially "risky" circumstances, what mechanisms can
help impose signaling fidelity?
5.4.1. Protein–protein interaction specificity
One of the simplest mechanisms for regulating the choice of
targets is differential binding affinity, or specificity of physical
interactions. Enzyme–substrate or regulator–effector relation-
ships often involve stable interactions between docking motifs,
and otherwise similar proteins can be discriminated by
relatively subtle differences in these motifs [371,373,374]. For
example, during pheromone response, both Fus3 and Kss1 are
activated (although the reason for this is still not entirely clear).
Between the two, Fus3 is the primary mediator of the
pheromone-induced cell cycle arrest, in part because the Cdk
inhibitor Far1 is much more efficiently phosphorylated by Fus3
than by Kss1 [46]. This selectivity is not due to differences in
the specific activities or catalytic efficiencies of Fus3 and Kss1
because the activated versions of both enzymes display
equivalent specific activities on non-natural substrates, such
as myelin basic protein [46]. Instead, as mentioned earlier, Far1
has a docking site that can recruit Fus3, but not Kss1 [48]. This
simple mechanism allows the cell to discriminate the actions of
quite similar enzymes, thereby imposing Fus3-dependent cell
cycle arrest upon pheromone stimulation, but not allowing an
inappropriate Kss1-induced arrest to occur during nutrient
depletion when the cells need to continue to grow invasively to
be able to successfully forage for more nutrients.
The use of binding specificity to distinguish among similar
proteins is highly prevalent among activator-scaffold and
scaffold-kinase interactions. At the top of the HOG pathway,
for example, the SH3 domain of the osmosensor Sho1 binds to a
proline-rich motif on the scaffold Pbs2, and mutations that
increase the strength of this interaction increase HOG pathway
signaling [375]. Although this Pbs2 motif binds to SH3 domains
from other organisms, the only yeast SH3 domain it binds to is
that of Sho1, suggesting that specificity is a crucial feature of
this interaction [376]. Consistent with this view, decreases in
Sho1–Pbs2 affinity correlate with increases in the level of
osmostress-induced cross-talk to pheromone pathway outputs
[375]. Indeed, whereas mutations could be identified that
increased the affinity of these partners, these mutants exhibited
an increase in cross-reactivity, indicating that in the native
situation, minimizing cross-activation may be more important
than maximizing signal strength [376,377].
Fig. 4. Mechanism of MAPK-directed developmental commitment and cell fate
determination in yeast. Fus3 (in response to pheromone) specifically phos-
phorylates and promotes the ubiquitin-dependent and proteasome-mediated
destruction of the transcription factor, Tec1, which is uniquely required for
induction of the genes necessary for filamentous growth (see Fig. 3). The same
site in Tec1 is not a substrate for Kss1. In this way, even though Kss1 is also
activated (albeit transiently) in response to pheromone, a filamentation response
is precluded. Hence, this process provides an elegantly simple mechanism to
ensure that, once a haploid cell is exposed to pheromone, it is irrevocably
committed to the mating response. Similar mechanisms are likely involved in
directing the development transitions and in dictating the cell fate commitments
observed in mammalian cell differentiation.
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MAPKKs in the pheromone response and HOG pathways.
The choice of downstream pathway is restricted by the scaffold
that Ste11 binds to in each case — when Ste11 is bound to the
pheromone response scaffold, Ste5, signaling occurs only
through the pheromone response pathway, but when Ste11 is
associated with the HOG scaffold, Pbs2, signaling only occurs
in the HOG pathway [378]. Consistent with this notion,
artificially engineered scaffolds can redirect signal responses
to unnatural outputs [378,379]. At the level of MAPKs,
although Fus3 and Slt2/Mpk1 are both homologs of the Erk
subfamily of MAPKs, only Fus3 is activated by pheromone and
only Slt2/Mpk1 by cell wall stress. This seems to be regulated at
least in part by differential scaffold binding, as the CWI
pathway scaffold Spa2 binds Slt2/Mpk1, but not Fus3, and the
pheromone response pathway scaffold Ste5 binds Fus3, but not
Slt2/Mpk1 [297]. Furthermore, such specificity is also manifest
at the level of the MAPKKs. For example, Ste7 binds Fus3 (and
Kss1) with apparently nanomolar affinity via its N-terminal
MAPK docking site, whereas Ste7 does not interact detectably
with Slt2/Mpk1 [380,381].
The role of scaffold proteins is, however, not merely
restrictive in the sense that they prevent activation of other
pathways. In the pheromone response pathway, Fus3 activa-
tion requires the presence of Ste5, and overexpression of Ste5
channels inputs, either from constitutively active Ste11 or
Ste11 activated by the HOG pathway under conditions (pbs2Δ
cells) that permit cross-talk, even more efficiently to Fus3
[39]. Consistent with the requirement of Ste5 for Fus3 acti-
vation, in the absence of pheromone, expression of constitu-
tively-active Ste7 variants leads to phosphorylation of Kss1,
but not Fus3 [40]. This result has been attributed to the
stronger affinity of certain states of Ste7 for Kss1 than for
Fus3 [40] (for more on this point, see [380]), thus rendering
Fus3 activation dependent on an adaptor (Ste5) that binds both
Fus3 and Ste7, whereas Kss1 does not need to bind to Ste5 to
become activated, as also suggested by the findings of two
other groups [41,382]. The observation that a Ste5 fragment
promotes partial Fus3 autoactivation [310] also raises the
intriguing possibility that Fus3 and Kss1 may differ in their
dependence on an allosteric activator. The ability of Kss1, but
not Fus3, to be activated off of Ste5 (or any other known
scaffold protein) is one basis for the avoidance of inappropri-
ate Fus3-mediated responses during nutrient-depletion-stimu-
lated filamentous growth.
A potential role for Ste50 in the maintenance of MAPK
signal fidelity has been identified, although the mechanistic
basis is unclear. For example, certain mutations in the SAM
domain of Ste50, which binds to a SAM domain in Ste11, as
discussed earlier, lead to decreased osmoresistance and
increased cross-talk with the pheromone response and filamen-
tous growth pathways upon hyperosmotic stress [383]. Casein
kinase I phosphorylation of a specific threonine residue within
the Ste50 SAM domain is required for pheromone response, but
not for osmoresistance [384], further implicating differential
Ste50 interactions in diverting Ste11 activation into the appro-
priate MAPK pathway.5.4.2. Down-regulation of alternate pathways
Another mechanism by which an activated pathway can
prevent activation of a similar pathway is to actively down-
regulate the other route and thereby eliminate that alternative
option altogether. Upon pheromone stimulation, Fus3 is
activated for the duration of the cellular response, whereas
Kss1 is activated transiently [43]. Although Kss1 activation
contributes to downstream effects [43], Fus3 is thought to be the
primary MAPK mediating pheromone-induced behaviors, as all
available evidence suggests. Interestingly, the degree of Fus3
activity limits the magnitude and duration of Kss1 activation
[43]. Given that activated Kss1 is required for filamentous
growth, this situation has led to the hypothesis that transient
Kss1 activity contributes to pheromone responses, but only
prolonged Kss1 activity can support filamentous growth, and
Fus3 actively regulates the duration that Kss1 is allowed to be
active as a part of the normal pheromone response program
[43]. The mechanism by which active Fus3 contributes to Kss1
inactivation is unknown, but the most likely candidate is
activation of synthesis or function of a phosphatase that acts
differentially on these two MAPKs. In another set of MAPK
pathways, prevention of cross-talk between the osmostress and
pheromone response pathways [372] requires the kinase activity
of Hog1 [325], but not its nuclear translocation [101]. The
relevant target(s) have not yet been identified, however.
In addition to inactivation, alternate pathways can be down-
regulated by the degradation of their components. Upon
pheromone stimulation, Fus3 phosphorylates Tec1, the critical
transcription factor necessary for filamentous growth (but not
for mating) (Fig. 4). This modification marks Tec1 for
ubiquitin-mediated degradation [176,177,385]. In this way,
there is no possibility for a cell responding to pheromone to
engage in a filamentous growth response. As predicted by this
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phosphorylated by Fus3 to Ala stabilizes Tec1 in pheromone-
treated cells and causes pheromone to elicit filamentous growth
responses. It has also been reported that the stability of Tec1 is
enhanced by SUMOylation [386], which is sometimes
considered a modification that blocks ubiquitination [387].
Consistent with that view and the physiological sense of
eliminating Tec1 in cells that are committed to a pheromone
response, SUMOylation of Tec1 seems to be decreased upon
pheromone stimulation [386]. Together, these mechanisms
ensure that any pheromone-activated Kss1, which could
otherwise potentially mediate filamentous growth, only has
the option of activating the transcription of pheromone response
genes. Compared to inactivation, degradation of factors that
could mediate alternative responses is a more permanent
mechanism of ensuring the specificity of a developmental
behavior and is an elegant molecular model for the processes of
commitment and cell fate determination that occur during the
development of multicellular organisms.
5.4.3. MAPK pathways activating MAPK pathways
An instance of simultaneous regulation by and regulation of
MAPKs occurs when one MAPK pathway activates another
MAPK pathway as part of a sequential or composite signal
response. Upon hyperosmotic shock and activation of Hog1, the
Slt2/Mpk1 MAPK becomes activated, which appears to require
the transcription factor, Rlm1 [343]. Similarly, upon pheromone
stimulation and activation of Fus3, Slt2/Mpk1 becomes
activated in a manner dependent on transcription and translation
[388]. Interestingly, although pheromone-induced Slt2/Mpk1
activation requires Pkc1 and the redundant MAPKKsMkk1 and
Mkk2, it does not absolutely require the MAPKKK Bck1,
suggesting that an alternative MAPKKK (most likely Ste11,
given the circumstances) can serve to phosphorylate Mkk1 and
Mkk2 [388]. It is thought that the secondary enlistment of the
Slt2/Mpk1 pathway by the primary MAPK pathways during
both the pheromone and osmostress response facilitates the cell
wall alterations that must occur during the mating process and to
cope with any damage incurred during the loss in turgor pressure
under hyperosmotic conditions. It is not precisely known in
either case how the primary pathway feeds in to activate the
secondary pathway and at what level. Although the activation of
oneMAPK pathway by another is perhaps conceptually easier to
understand than the antagonistic mechanisms that must occur
between pathways to maintain signal fidelity, it highlights the
fact that MAPK pathways are not always competing, and often
are coordinated in a positive manner.
6. Conclusions and perspectives
TheMAPK pathways of yeast are among the best understood
signal transduction pathways in biology. Recent studies have
greatly advanced our knowledge about the functions and
regulation of these pathways, particularly in the areas of cell
cycle regulation, transcriptional regulation, translational regula-
tion, regulation by MAPK phosphatases, and maintenance of
signal specificity.However, a great many questions remain. What are the direct
activators of Smk1? Does a classical MAPK cascade, or a
scaffold, exist in this pathway? How is Cdc42 activated in the
filamentous growth and HOG pathways? What are the direct
ligands or physical stresses that activate the filamentous growth,
HOG, and CWI pathways, and how do their sensors mechan-
istically transduce these extracellular or membrane-based
signals to their intracellular interaction partners?
What are the composition and arrangement of scaffolded
MAPK complexes during pathway activation and inactivation?
Is allosteric activation by scaffold proteins of their bound
kinases important in native situations, and do scaffold proteins
have additional active roles in signal transduction?
What unique roles, if any, does Kss1 perform during
pheromone response in wild-type cells? Are there additional
molecular coordination between the MAPK, PKA, and AMPK
pathways in the regulation of filamentous growth at a level other
than transcription?
Does the slight increase in Fus3 nuclear localization upon
pheromone stimulation contribute anything to pathway activa-
tion? What determines the subcellular distribution of MAPKs
that seem to be regulated independently of classical Ran-
karyopherin mechanisms?
What phosphatases dephosphorylate Kss1, and how does
Fus3 limit Kss1 activation during pheromone response? What
does active Hog1 target to prevent cross-talk between the HOG
and pheromone response pathways? More generally, what
mechanisms exist, if any, by which MAPKs actively inhibit
activation of other MAPKs to maintain signal fidelity?
What different mechanisms are employed by MAPKs in
post-transcriptional and translational regulation of gene expres-
sion, and are how important is regulation at these levels
compared to regulation of transcription initiation?
Many, if not most, MAPK targets are probably still
unidentified. In particular, given the cellular processes that are
known to occur upon pathway stimulation and are dependent
upon activation of MAPKs, we are likely still missing as direct
MAPK substrates many metabolic enzymes, cytoskeletal and
cell surface proteins, and gene expression factors beyond the
class of regulators of transcription initiation.
As researchers continue to address these and other out-
standing questions, and continue to identify and characterize
new targets and regulatory mechanisms of the MAPK pathways
of yeast, we are confident that studies in this model system will
continue to play a leading role in establishing our under-
standing of the molecular basis of cellular signal responses in
all organisms.
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